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Preface

Plant biotechnology is a most interesting field for academicians, researchers, and 
students, and nowadays it becomes a very useful tool in agriculture and medicine 
and regarded as a popular area of research especially in biological sciences because 
of its integral use in biochemistry, molecular biology, and engineering sciences in 
order to achieve technological application of cultured tissues, cells, and microbes. 
Plant tissue culture (PTC), a technique refers to cultivation of plant cells and other 
parts on artificial nutrient medium in controlled environment under aseptic condi-
tions, is essential to all plant biotechnologies and is an exciting area of research for 
basic and applied sciences. PTC requires various nutrients, pH, carbon source, gell-
ing agent, temperature, photoperiod, humidity, etc., and most importantly the judi-
cious use of plant growth regulators. Various natural, adenine and phenyl urea 
derivatives were employed for the induction and proliferation of different types of 
explants. Several phenyl urea derivatives were evaluated, and it was observed that 
thidiazuron (n-phenyl-N”-1,2,3-thidiazol-5-ulurea) was found to be the most effec-
tive among the plant growth regulators. Thidiazuron (TDZ) was initially developed 
as a cotton defoliant and showed high cytokinin like activity. In some examples, its 
activity was 100 times more than BA in tobacco callus assay and produces more 
number of shoots in cultures than Zeatin and 2iP. TDZ also showed major break-
through in tissue culture of various recalcitrant legumes and woody plant species. 
For the last two decades, a number of laboratories have been working on TDZ with 
different aspect, and a number of publications have come out. To the best of our 
knowledge, there is no comprehensive edited volume on this particular topic. Hence, 
the edited volume is a deed to consolidate the scattered information on the role of 
TDZ in plant tissue culture and genetic manipulations that would hopefully prove 
informative to various researches.

Thidiazuron: From Urea Derivative to Plant Growth Regulator is a compila-
tion of review and research papers dealing with various aspects of TDZ in plant 
tissue culture with profitable implications.

The book will provide basic and applied information for academicians, scien-
tists, and researchers who want to initiate work in this fascinating area of research. 
The book contains 28 chapters compiled by international dignitaries, which give 
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much weightage to this edited volume. All the chapters have been organized in a 
way to provide a crisp information on role of TDZ in plant tissue culture. Special 
attention has been given to explore the mechanism and mode of actions of TDZ 
which can lead to organogenesis in vitro.

We are extremely thankful to all the contributors who agreed to our proposal, 
thus helped in this endeavor.

September 17, 2017
Aligarh, India Naseem Ahmad

Mohammad Faisal

Preface
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1Thidiazuron: Modulator 
of Morphogenesis In Vitro

Elham Tavakouli Dinani, Mukund R. Shukla, 
Christina E. Turi, J. A. Sullivan, and Praveen K. Saxena

Abstract
Thidiazuron (TDZ) is a substituted phenylurea first synthesized in 1967 by the 
Schering Corporation in Germany. Compared to other plant growth regulators, 
TDZ is a powerful and potent synthetic growth regulator, leading to a wide array 
of in vitro and in vivo applications in plants including prevention of leaf yellow-
ing, enhanced photosynthetic activity, breaking of bud dormancy, fruit ripening, 
as well as proliferation of adventitious shoots, callus production, and induction 
of somatic embryogenesis. Despite the diversity of effects attributed to TDZ, its 
application and mode of action for induction of in vitro morphogenesis in plants 
are not well understood. Thus, this review aims to summarize current under-
standings for TDZ during in vitro morphogenesis in order to better understand 
the potential applications of TDZ for induction of in vitro morphogenesis and 
organogenesis.

Keywords
Thidiazuron · TDZ  · Morphogenesis · Auxin · Cytokinin · Plant growth 
regulation

1.1  Introduction

Thidiazuron (TDZ) is a substituted phenylurea first synthesized in 1967 by the 
Schering Corporation in Germany, originally being used as a cotton defoliant and 
eventually becoming registered in the USA in 1982 (Arndt et al. 1976; Pavlista and 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8004-3_1&domain=pdf
mailto:psaxena@uoguelph.ca


2

Gall 2011). Compared to other plant growth regulators (PGRs), TDZ is a powerful 
and potent synthetic growth regulator exhibiting both auxin- and cytokinin (CK)-
like effects in plants, leading to a wide array of in vitro and in vivo applications 
including prevention of leaf yellowing, enhanced photosynthetic activity, breaking 
of bud dormancy, fruit ripening, as well as proliferation of adventitious shoots, cal-
lus production, and induction of somatic embryogenesis (Fig.  1.1). Despite this 
unique and dual effect, TDZ’s action is often overgeneralized and referred to as a 
cytokinin. It is therefore important to note that although TDZ can mimic the effects 
of auxins and CKs, structurally it differs from both of these PGR groups, possessing 
both phenyl and thiadiazole functional groups, with both groups required for bio-
logical activity (Mok et al. 1987).

Compared with other PGRs, TDZ can be used for regeneration at much lower 
concentrations (10–1000 times lower) making it a valuable commercial agrochemi-
cal (Fig. 1.1; Guo et al. 2011). For instance, TDZ’s ability to inhibit leaf yellowing, 
delay leaf senescence, maintain chlorophyll (Chl) concentrations, inhibit carotenoid 
degradation, inhibit abscisic acid (ABA) biosynthesis, and decrease ethylene sensi-
tivity in cut flowers (Uthairatanakij et al. 2007; Ferrante et al. 2004) has led to its 
application in the horticultural industry for the purpose of increasing the longevity 
of cut flowers such alstroemeria (Alstroemeria aurea Graham), lilies (Lilium spp.), 
tulips (Tulipa spp.), and chrysanthemum (Chrysanthemum spp.) (Ferrante et  al. 
2002a, b; Sankhla et al. 2003). In addition to the above, TDZ’s ability to increase 
fruit size without affecting seed number, through the promotion of cell division in 
the cortex layer of fruits (Stern et al. 2003), has led to its application for improving 
fruit size in a number of crops including pear (Pyrus communis L.), grape (Vitis 
vinifera L.), persimmon (Diospyros virginiana L.), cucumber (Cucumis sativus L.) 

Fig. 1.1 Summary of the physiological effect of TDZ on apple plant organs which include the 
stem, root, leaf, flower, and fruit

E. T. Dinani et al.



3

and kiwifruit (Actinidia deliciosa (A.  Chev.) C.F.  Liang and A.R.  Ferguson) 
(Amarante et al. 2003; Stern et al. 2003). In stone fruits and cut flowers, TDZ has 
also been used to stimulate bud growth and opening and to accelerate bud breaking 
(Erez et al. 2006; Wang et al. 1986).

Despite the diversity of effects attributed to TDZ, its application and mode of 
action for induction of in vitro morphogenesis in plants is not well understood. This 
notion largely stems from TDZ’s ability to display both CK- and auxin-like activi-
ties individually or simultaneously during in vitro regeneration. To complicate mat-
ters further, TDZ’s ability to induce a defensive response in plant tissues can also 
initiate the up- or downregulation of other PGRs (i.e., ABA, ethylene, melatonin, 
serotonin) and secondary metabolites (i.e., polyamines) while also modulating the 
influx/efflux of specific cations (i.e., calcium) across biological membranes (Murch 
et al. 1997; Murch and Saxena 1997; Murthy et al. 1995; Proctor et al. 1996). In 
order to better understand potential applications of TDZ for induction of in vitro 
morphogenesis and organogenesis, the current review aims to summarize the cur-
rent uses of this multipurpose synthetic PGR in plant tissue culture processes.

1.2  Application of TDZ During Plant Morphogenesis

Although shoot production and plant development reportedly vary in response to 
TDZ concentration, plant material, and species (Liu et al. 1998), generally, TDZ is 
more biologically active than BAP, kinetin, or zeatin (Capelle et  al. 1983). For 
example, Lu (1993) observed that TDZ is more effective at lower concentrations 
compared to classical CKs during shoot regeneration of woody species. In addition 
to the above, TDZ’s ability to exhibit its effects in explants well after the initial 
treatment (subsequently transferred to media without TDZ) indicates that some 
explants only require limited exposure (Matand and Prakash 2007). Short exposure 
time and low concentrations of TDZ have, in fact, been found to be highly effective 
in stimulation of shoot regeneration across diverse species (Mihaljević and Vršek 
2009). TDZ’s unique property of high efficacy at low doses and/or short exposure 
times may be explained by TDZ’s ability to resist enzymatic degradation in vivo 
(Murthy et al. 1998; Kumar and Reddy 2012) which in turn enables TDZ levels to 
remain stable over time (Dey et al. 2012). For example, in bean callus incubated 
with radiolabeled TDZ for 33 days, TDZ was found to remain largely intact, with 
only a small fraction being glycosylated (Mok and Mok 1985). Tracer studies by 
Benezet and Knowles (1982) have also observed limited degradation (oxidation) of 
the TDZ molecule within etiolated hypocotyls by 13 species of microorganisms, as 
evidenced by limited evolution of 14CO2, which is one of the principle degradation 
products of TDZ. This indicates TDZ molecules were not undergoing significant 
degradation and likely remained within plant tissues over the duration of the experi-
ment, up to a 28-day incubation period. Furthermore, through the use of 14C-TDZ 
and fractionation experiments, Murch and Saxena (2001) noted that TDZ may in 
fact exist in several forms, i.e., TDZ-free molecules, sequestered TDZ molecules, 
and conjugated forms associated with proteins or cell wall components within plant 
tissues.

1 Thidiazuron: Modulator of Morphogenesis In Vitro
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1.3  Shoot Bud Induction

In plants, the induction of shoot buds is dependent upon a balance between auxin 
and CK levels, whereby an increased presence of auxin and CKs can inhibit or initi-
ate bud formation, respectively (Wang et al. 1986). TDZ appears to promote shoot 
bud initiation by stimulating cell division and multiplication in the apical meristem 
while also reprogramming cells to the appropriate developmental stage for initiation 
of shoot differentiation (Dey et  al. 2012; Vu et  al. 2006). As in other processes 
affected by TDZ, diverse factors may affect the ability of TDZ to induce shoot bud 
initiation and growth including: concentration of TDZ, type and source of explant, 
age or phase of growth, cultivar, presence of other PGRs, particularly auxin, in the 
medium, balance of endogenous growth regulators, and presence of light (Sanikhani 
et al. 2006; Visser et al. 1992; Table 1.1).

In general, low concentrations (≥2.5 μM) of TDZ enhance axillary bud forma-
tion on cultured shoot tip meristems, while moderate concentrations of TDZ 
(5–10  μM) can result in somatic embryo formation. At higher concentrations, 
morphological abnormalities like hyperhydricity have been reported (Lu 1993; 
Mithila et al. 2003). Not surprisingly, TDZ is typically applied at low concentra-
tions to a wide range of explant types in order to induce bud growth (Murashige 
1974; Jiang et al. 2008); however, the concentration required varies with explant 
type. For instance, direct shoot bud formation occurred only on cotyledonary 
nodes when TDZ was applied at rates of 0.9–5.4 μM during in vitro regeneration 
of soybean (Glycine max (L.) Merr.) seeds. On the other hand, 10 μM TDZ was 
optimal for induction of shoot buds in leaf explants of apple (Malus domes-
tica Borkh.) (Fasolo et al. 1989), while low concentrations of TDZ (0.02–0.56 μM) 
induced bud/shoot regeneration in excised roots (Albizia julibrissin Durazz.) 
(Sankhla et al. 1996). TDZ (10 μM) has also been found to induce bud formation 
and regeneration in thin cell layer (TCL) system from the common bean Phaseolus 
vulgaris L., where pretreatment significantly increased bud regeneration. Optimal 
bud induction and further development of the formed buds were observed in 
2-week cultures of TCLs on 10 μM TDZ later reduced to 1 μM TDZ (Cruz De 
Carvalho et al. 2000). The length of time the explants are exposed to TDZ can also 
impact the ability of TDZ to induce bud formation. In Curculigo orchioides 
Gaertn., pretreatment with 15 μM TDZ for 24 h significantly stimulated adventi-
tious shoot regeneration from leaves, while in Tecomella undulata (Sm.) Seem., 
exposure to a concentration of 0.7 μM for a duration of 1–3 weeks was most effi-
cient for shoot regeneration (Varshney and Anis 2012). Interestingly, duration and 
level of exposure of explants to light during TDZ treatment can also influence 
shoot organogenesis. For example, de novo shoot bud formation in strawberry 
(Fragaria x ananassa Duch) was achieved using leaf disks cultured in the dark 
and on MS medium containing 9.08 μM TDZ (Husaini and Abdin 2007). Although 
it is not yet fully understood how light affects TDZ action, it is believed that 
TDZ’s ability to induce shoot bud production in the dark is triggered by calcium 
stress, which in turn affects the production of ethylene (Mundhara and Rashid 

E. T. Dinani et al.
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2002). Given the above, future research is greatly needed to explore the interac-
tion between light and TDZ as it will open new avenues for discovery in terms of 
its mechanism of action.

1.4  Shoot Growth, Elongation, and Multiplication

TDZ’s CK-like activity has also shown to be useful for the development of shoot 
buds and shoot proliferation/multiplication in plants (Table 1.2) (Mok et al. 1982; 
Thomas and Katterman 1986; Fiola et al. 1990; Malik and Saxena 1992; Huetteman 
and Preece 1993; Murch et al. 1997; Faisal et al. 2014; Singh and Dwivedi 2014; 
Parveen and Shahzad 2011; Jones et al. 2015). TDZ’s CK-like activity is believed 
to be largely responsible for its ability to release lateral buds from dormancy or 
induce bud regeneration in vitro (Mok et al. 2005; Singh and Dwivedi 2014). Still 
it is important to note that TDZ likely modulates levels of other PGRs, including 
auxin, to achieve shoot bud regeneration by evoking regenerative responses, i.e., 
dedifferentiation and redifferentiation of tissue cells (Malik and Saxena 1992; Guo 
et  al. 2011; Visser et  al. 1992). For example, treatment of geranium hypocotyl 
explants with TDZ in combination with auxin increased shoot regeneration 
(Hutchinson et al. 1996). With respect to shoot proliferation, a wide spectrum of 
factors can influence TDZ’s effects in vitro including: plant PGR perception and 
transduction, dedifferentiation and subsequent redifferentiation of cells, genotype, 
wounding of explants, donor plant condition (e.g. explant age), and duration of 
exposure to TDZ (Lazzeri and Dunwell 1984; Kumar and Reddy 2012; Magyar-
Tábori et  al. 2010; Sharifi et  al. 2010). Furthermore, TDZ’s ability to influence 
shoot proliferation has shown to be concentration and species specific. At low con-
centrations, between 1 and 10 μM TDZ can be used to enhance axillary shoot 
proliferation (Husain et al. 2007), while at much higher concentrations, shoot elon-
gation can be either inhibited (Kumar and Reddy 2012) or stimulated to produce 
adventitious shoots (Feng et  al. 2012; Guo et  al. 2012). This trend has been 
observed for several spp. including “Gala” apples (M. domestica), where shoot 
production was found to decrease with increasing concentrations of TDZ (from 1 
to 10 μM) (Liu et al. 1998), while TDZ concentrations greater than 22.7 μM inhib-
ited shoot regeneration (Montecelli et al. 1999).

In addition to concentration, other factors can impact shoot organogenesis 
including the presence of other PGRs. For example, in vitro shoot multiplication of 
Capsicum annuum L. from cotyledonary node explants excised from seedlings was 
optimized on MS medium supplemented with 1.5  μM TDZ and 0.5  μM 
IAA. Compared to purine-type CKs, TDZ is superior at inducing shoot proliferation 
(Lu 1993) while also working synergistically with other PGRs to induce a response. 
The synergistic effect of TDZ with other CKs may be due to differences in uptake, 
recognition by the cells, or mechanisms of action of these different compounds 
(Huetteman and Preece 1993). For instance, the effect of TDZ on axillary meristem 
and shoot production was found to be 5–10 times greater compared to CKs (i.e., 
BA) in species such as soybean (G. max), peanut (Arachis hypogaea L.), and saffron 

E. T. Dinani et al.
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(Crocus sativus L.) (Victor et  al. 1999; Radhakrishnan et  al. 2009; Sharifi et  al. 
2010). Furthermore, TDZ alone or in combination with other auxins/CKs (e.g., BA) 
can induce shoot bud formation and multiplication especially after transfer of shoots 
to TDZ-free medium (Singh and Dwivedi 2014). Consequently, the transfer of 
explants from enriched TDZ medium to a secondary medium without growth regu-
lators has been successfully applied in plant regeneration systems for a variety of 
species (Malik and Saxena 1992; Victor et al. 1999).

1.5  Somatic Embryogenesis

TDZ is a substitute for the auxin/CK requirement that is needed during somatic 
embryogenesis, thereby increasing the number of formed somatic embryos (Visser 
et al. 1992). Somatic embryogenesis changes somatic cells to embryonic cells in a 
physiological sequence that is tightly regulated by a delicate balance of PGRs 
(Murthy et  al. 1998). Induction and development of somatic embryogenesis are 
associated with endogenous PGRs including auxins and CKs; not surprisingly, TDZ 
promotes somatic embryogenesis, alone or in combination with other PGRs, for a 
wide range of recalcitrant species (Durkovic and Misalova 2008; Nhut et al. 2006) 
as well as a variety of commercial crops including tobacco (Nicotiana tabacum L.), 
peanut (A. hypogaea), geranium (Pelargonium spp.), African violet (Saintpaulia 
spp.; Mithila et al. 2003; Shukla et al. 2013), and chickpea (Cicer arietinum L.) 
(Visser et al. 1992; Saxena et al. 1992; Gill and Saxena 1993; Murthy et al. 1995) 
(Table 1.3).

Different types of tissues can be selected for induction, for instance, TDZ has 
been described to induce somatic embryos on hypocotyl, epicotyl, cotyledonary 
node, cotyledon, and leaves of intact seedlings of Azadirachta indica A. Juss. (Gairi 
and Rashid 2004; Saxena et al. 1992; Iantcheva et al. 1999). In peanut, induction of 
direct somatic embryogenesis occurs by culturing mature intact seeds on a medium 
supplemented with 0.5–10  μM TDZ or N-(2-chloro-4-pyridyl)-N′-phenylurea 
(CPPU). Explants with no cotyledons, and thus no embryogenic potential, did not 
respond to increasing levels of TDZ. In contrast, retention of one or both cotyledons 
resulted in increased response to TDZ (Saxena et  al. 1992; Murthy and Saxena 
1994; Murthy et al. 1995). Exposure time can impact the effectiveness of TDZ. For 
example, application of TDZ on plant tissues alone or in combination with other 
PGRs for short periods of time at low concentration (10 μM) has been found to 
induce embryogenic responses (Hutchinson et al. 1997; Malik and Saxena 1992; 
Murthy et al. 1998), while exposure to TDZ for longer than 3–4 weeks (10 μM) led 
to a reduced induction of roots (Malik et al. 1993). This is interesting, as it reflects 
patterns also observed in induction of somatic embryogenesis by the synthetic auxin 
and pesticide, 2,4-dichlorophenoxyacetic acid (2,4-D). Similar to TDZ, short expo-
sure to 2,4-D followed by explant transfer to growth regulator-free medium allows 
for first an accumulation of 2,4-D in tissues followed by a gradual decrease over 
time with somatic embryos developing with these falling concentrations (Zee 1981; 
Fujimura and Komamine 1980; Feher et  al. 2002). The similarity between this 

1 Thidiazuron: Modulator of Morphogenesis In Vitro
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well- documented process and the pattern observed in TDZ treatment supports a 
strong auxin-like role for TDZ in this mechanism. Further, it is likely that the inher-
ent stability of TDZ in living tissues is a strong contributing factor in establishing 
this function.

1.6  Intact Seedling Development

TDZ enhances seed germination via improvement of shoot regeneration, with posi-
tive effects being reported in soybean (G. max), pea (Pisum sativum L.), common 
bean (P. vulgaris), chickpea (C. arietinum), and lentil (Lens culinaris Medik) 
(Radhakrishnan et al. 2009; Malik and Saxena 1992) (Table 1.4). In contrast, the 
intact seedling regeneration system is a unique morphogenetic system which 
involves the direct development of multiple shoots on the germinating seedling. 
For the first time, Malik (1993) reported a direct seed culture method for de novo 
differentiation of shoots from intact seedling without explanting. The number of 
shoots regenerated from intact seedling of Lathyrus sativus L., L. cicera L., and L. 
ochrus L. DC. was significantly higher than that observed with explants. These 
results indicated that excision of explant is not always necessary for induction of 
morphogenesis and also that the morphological integrity of intact seedlings plays 
a critical role in the induction of organogenesis/somatic embryogenesis (Malik 
1993). TDZ induction of shoot production in the intact seedling system effectively 
depends on the applied concentration. For example, intact seedlings of silk tree (A. 
julibrissin) grown on MS medium containing 0.1–10 μM TDZ produced shoots 
indirectly through callus. Interestingly, at higher TDZ concentrations (2.5–10 μM), 
shoots were produced, but did not form callus (Mok et al. 1987). Sankhla et al. 
(1994) also reported high efficiency of TDZ in inducing shoot formation from 
roots of intact seedling of A. julibrissin at 0.1–1.0 μM TDZ. Regeneration of mul-
tiple shoots from intact seedlings of switch grass (Panicum virgatum L.) was 
induced on MS medium supplemented with 4.5  μM2, 4-dichlorophenoxyacetic 
acid (2,4-D), and 18.2 μM TDZ (Gupta and Conger 1998). An in vitro propagation 
system for Artemisia judaica L., a medicinal plant, induced shoot organogenesis 
by culturing intact seedlings on medium supplemented with 1 μM TDZ for 20 days 
(Liu et al. 2003). In a study with seeds of Firmiana simplex (L.) W. Wight, induc-
tion of shoot proliferation was assessed on MS medium supplemented with 5.0 μM 
TDZ + 1.5 M GA3 + 0.1% ascorbic acid compared to various levels (1.0–15 M) of 
several different cytokinins (BA, 2-iP, zeatin, and kinetin). Shoots formed within 
8 weeks of culture and the shoot-forming capacity of seeds were found to be influ-
enced by the type and concentration of CKs, with TDZ showing up to 13% greater 
regeneration rates than other cytokinins tested (Hussain et al. 2008). Induction of 
shoot organogenesis for felty germander (Teucrium polium L.), an endangered 
medicinal plant, was obtained using intact seedlings cultivated in MS medium 
supplemented with 22.72 μM TDZ (Rad et al. 2014). Regeneration ability of kohl-
rabi (Brassica oleracea var. gongylodes) cultivars Vienna Purple (VP) and Vienna 
White (VW) has also been tested. Intact seedlings were cultivated on MS media 
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supplemented with BA, TDZ, and trans- or cis-zeatin. All tested CKs induced 
shoot regeneration with 47.5–60% shoot regeneration frequency from hypocotyl 
explants and intact seedlings (Ċosiċ et al. 2015).

1.7  Mechanisms of TDZ Activity

1.7.1  Cytokinin-Related Effects of TDZ

TDZ was first reported to have CK activity in 1982 by Mok et al. and later con-
firmed by Visser et al. (1992). TDZ exhibits a considerably higher degree of biologi-
cal activity when compared with traditional CKs for inducing regeneration in plant 
species (Mok et al. 1987; Van Nieuwkerk et al. 1985; Escalettes and Dosba 1993), 
stimulating organogenesis and somatic embryogenesis, and retarding senescence or 
leaf yellowing in plants (Mehrotra et  al. 2015). For example, callus tissue of 
Phaseolus lunatus L. which cannot grow without CKs is able to grow after exposure 
to TDZ (Murthy et al. 1998). Similarly, lower concentrations of TDZ are needed to 
initiate shoot differentiation and regeneration responses compared to levels required 
for CKs (Baker and Bhatia 1993). TDZ’s CK-like activity is believed to stem from 
its ability to modulate pathways responsible for CK biosynthesis in plants (Mok 
et al. 1987) by acting on endogenous adenine-based CK metabolism (Capelle et al. 
1983). To date it is unclear whether TDZ causes CK responses by interacting 
directly with CK receptors or indirectly either by stimulating the conversion of CK 
nucleotides to active ribonucleosides or by inducing the accumulation of endoge-
nous adenine-based CKs.

It has been proposed that TDZ promotes the conversion of CK ribonucleotides 
(inactive CKs) to active forms of CKs (i.e., ribonucleosides and free bases) by 
encouraging the synthesis of endogenous purine CKs while also inhibiting their 
degradation (Capelle et al. 1983; Lu 1993; Murthy et al. 1995; Mok and Mok 1985). 
On the other hand, TDZ has demonstrated binding affinity for CK receptors such as 
CRE1 as well as CRE1/AHK4, AHK2, and AHK3 (de Melo Ferreira et al. 2006; 
Susan 1996; Rolli et al. 2012). It is interesting to note that both purine- and urea- 
type CKs have demonstrated binding affinities for cytokinin-specific binding pro-
teins (CSBPs). A stronger association has, however, been demonstrated for 
compounds containing phenylurea derivatives (Murthy et al. 1998); this could help 
to explain TDZ’s ability to modulate plant morphogenesis at lower concentrations. 
In addition to the above, TDZ can also increase endogenous levels of CKs by reduc-
ing catabolism, increasing synthesis, and changing non-active CK molecules to 
active forms (Kefford et al. 1968; Murthy et al. 1995), possibly through inactivation 
of CK oxidase/dehydrogenase (CKX) (an enzyme responsible for CK inactivation 
through cleavage of the unsaturated N6 side chain of most isoprenoid CKs) (Nikolić 
et al. 2006). TDZ can also modify CK biosynthesis pathways by decreasing endog-
enous pools of the CK 2iP and by increasing the concentration of purine-based CKs 
(Zhang et al. 2005).
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In general, reduced rooting capacity and inhibition of shoot elongation are attrib-
utable to the high CK activity of TDZ. Medium concentrations (approx. 10–20 μM) 
of TDZ may result in both axillary and adventitious shoot organogenesis, and high 
concentrations tend to stimulate callus formation. Concentrations of TDZ much 
smaller than most CKs often stimulate higher shoot proliferation. Combinations of 
TDZ with other CKs result in better shoot proliferation due to differences in uptake, 
recognition by the cells and receptors, or mechanisms of action of different com-
pounds (Huetteman and Preece 1993). TDZ facilitates efficient multiplication of 
apical meristem cells and their reprogramming to appropriate developmental stages 
for shoot differentiation (Dey et al. 2012).

1.7.2  Auxin-Related Activity of TDZ

The auxin-like activity of TDZ was first assessed by Suttle (1984). Following this 
work, TDZ’s ability to modulate auxin levels in plants was reported by Yip and Yang 
(1986) who found that TDZ stimulated auxin concentrations in mung bean (Vigna 
radiata (L.) R.Wilczek) hypocotyl tissue. Similarly, results by Visser et al. (1992) 
suggested that auxin(s) were involved during the induction and/or expression of 
TDZ-induced morphogenic differentiation.

To date TDZ’s auxin-like activity is believed to act through the modulation of 
metabolism and transport for endogenous hormones including auxins, cytokinins, 
ethylene, abscisic acid, and gibberellins (Feng et al. 2012; Murch and Saxena 2001). 
While a significant amount of work has been performed to understand TDZ’s 
cytokinin- like effects in plants, far less is understood in terms of its relationship to 
auxin. Currently, two concepts have been proposed: (1) TDZ directly promotes 
growth due to its own biological activity, and (2) TDZ may modulate the synthesis 
and accumulation of endogenous auxins or auxin-like bioregulators in synergism 
with CKs (Capelle et al. 1983; Mok and Mok 1985).

Auxins including natural (IAA) and synthetic auxins (e.g., naphthaleneacetic 
acid (NAA) and 2,4-D) are responsible for cell proliferation and development of 
callus (a mass of dedifferentiated cells), which are the first part of the morphoge-
netic process. They are also strongly associated with regeneration and somatic 
embryogenesis (Murthy et al. 1998). TDZ via auxin-like activity has been shown to 
induce callus formation on the graft and bud cutting of grape and leaf disks of cotton 
(Lin et al. 1988; Kartomysheva et al. 1983), increasing proliferation and growth rate 
of callus 30 times more than the common auxins. Tracer studies by Murch and 
Saxena (2001) noted that the translocation of auxin is essential for TDZ-induced 
morphogenesis through the observation that radiolabeled IAA accumulated in the 
hypocotyl of geraniums and was translocated over a great distance within the tis-
sues. TDZ may also mimic an auxin response by modifying endogenous auxin 
metabolism, for example, TDZ had a stimulating effect on auxin synthesis when 
peanut seedlings were treated with TDZ, causing an increase in cytosolic auxin fol-
lowed by induction of somatic embryogenesis (Murthy et al. 1995).
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The relationship between TDZ and auxin metabolism has also been confirmed 
through inhibitor studies. Suppression of TDZ-induced regeneration by inhibitors 
of auxin action and transport has been employed in several studies to better under-
stand the relationship between auxin and TDZ across several different regeneration 
studies (Hutchinson et al. 1996; Murch and Saxena 2001; Murch et al. 2002). For 
example, application of 2-(ρ-chlorophenoxy)-2-methylpropionic acid (PCIB, an 
auxin biosynthesis inhibitor) in peanut and geranium demonstrated an increasing 
effect of TDZ during somatic embryogenesis (Murthy et al. 1998). Although use of 
2,3,5-triiodobenzoic acid (TIBA, an inhibitor of polar auxin transport) in samples 
treated with TDZ did not change auxin levels, a decrease in the rate of somatic 
embryogenesis was observed (Hutchinson et al. 1996). Reduced rate of embryogen-
esis in TDZ-exposed tissues treated with TIBA and PCIB suggests TDZ may modu-
late auxin metabolism during developmental processes such as embryogenesis 
(Hutchinson et al. 1996). Furthermore, in TDZ-exposed leaf tissue of Echinacea 
purpurea L., inclusion of TIBA and PCIB decreased TDZ-induced morphogenesis 
(shoot organogenesis and somatic embryogenesis) but increased concentrations of 
auxin and endogenous indoleamines (i.e., melatonin and serotonin) (Jones et  al. 
2007). The above examples indicate that TDZ-induced regeneration is correlated 
with a metabolic cascade, i.e., accumulation and transport of endogenous signals 
auxin and melatonin, and the activation of a stress response.

Endogenous and exogenous auxin levels are closely associated with somatic 
embryogenesis in plants, and TDZ plays a crucial role in modulating the interaction 
among different hormones. It is important to note that TDZ’s ability to induce 
somatic embryogenesis is not solely dependent upon its auxin-like properties, as 
CKs have also been implicated. For example, embryogenesis was repressed in TDZ- 
treated geranium tissues by applying diaminopurine (DAP, an inhibitor of a purine- 
based CK) (Hutchinson and Saxena 1996). Unlike purine-based CKs, TDZ alone 
can induce somatic embryogenesis (Murthy et al. 1998), which in turn highlights 
the ability of TDZ to act as both an auxin and cytokinin. In addition to somatic 
embryogenesis, TDZ’s auxin-like activity has also been shown to be beneficial dur-
ing callus formation by increasing proliferation and growth rate of callus (Lin et al. 
1988). Synthetic auxins such as NAA and 2,4-D are responsible for stimulation, 
multiplication, and differentiation of cells into somatic embryos and callus develop-
ment (Murthy et al. 1998). The regulatory role of TDZ appears to be partially medi-
ated through inactivation of genes responsible for auxin and CK biosynthesis, which 
in turn causes changes in developmental patterns in plants (Malik 1993).

In general, TDZ inhibits root meristem activity effectively by acting as an auxin 
antagonist (Rolli et al. 2012). Auxin-like activity of TDZ is also strongly associated 
with regeneration, somatic embryogenesis, organogenesis, and development of 
adventitious shoots in many plant species (Huetteman and Preece 1993; Lu 1993; 
Feng et al. 2012; Guo et al. 2012). A low concentration of TDZ induces organogen-
esis of axillary buds on cultured shoot tip meristem by reducing apical dominance 
(Lu 1993). However, it is important to note that auxin-like properties of TDZ are 
dependent on a multitude of factors including the basal medium used, type of culti-
var, source of the explant, developmental stage of explant, and age of the donor 
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plant (Radhakrishnan et al. 2009). TDZ seems to act via reprogramming the fate of 
cells, developmental pathway, and interaction between endogenous hormones 
(Malik 1993).

1.7.3  Calcium Signaling

TDZ is believed to modulate plant morphogenesis through its ability to influence 
inter- and intracellular calcium (Ca2+) concentrations and signaling cascades 
(Trewaves 1999). Plant cells and tissues react to different hormones due to changes 
in concentration of external Ca2+ (Guo et al. 2011), and the balance of cytosolic Ca2+ 
may relate to the TDZ induction. Ca2+ is an important secondary messenger and 
signaling molecule in plants, facilitating different morphological responses in plant 
cells and tissues through modulation of PGR levels (Guo et  al. 2011; Allen and 
Schroeder 2001). In response to TDZ, Ca2+ channels will open, leading to changes 
in plant cytosolic Ca2+ levels; intermittent signals are then sent across the cell initiat-
ing a cascade of metabolic events (White and Broadley 2003). Several studies have 
confirmed the above noted theory. Hosseini-Nasr and Rashid (2002) reported that 
addition of Ca2+ uptake inhibitors (lanthanum, calmodulin, trifluoperazine (TFP), 
chlorpromazine (CPZ)) to culture medium supplemented with TDZ led to decreased 
levels of shoot production, while Jones et al. (2007) applied a Ca2+ channel activa-
tor, (S)-Bay K8644, in TDZ-treated explants of E. purpurea and noted changes in 
cell polarity, increased auxin concentration, callus induction, and regeneration. 
Murch et  al. (2003) found that treatment with the calcium channel antagonist 
(S)-Bay K8644 increased influx of Ca2+, leading to a change in the pattern of somatic 
embryogenesis. Increases in cytosolic Ca2+ for a long period, however, can also lead 
to apoptosis and cell death (White and Broadley 2003).

1.7.4  Relationship to Other PGRs and Stress Signaling 
Molecules

Plants interpret TDZ as stress, and it has been suggested that TDZ’s ability to initi-
ate stress in plants helps to induce morphogenesis through modulation of PGRs as 
well as other metabolites and ions. For instance, proline is considered a marker of 
stress as it enables plants to produce more NADP+/NADPH. Proline levels have 
been found to increase in tissues which have been treated with TDZ and which show 
a capacity to switch from shoot formation to somatic embryogenesis (Hare and 
Cress 1997). In addition to proline, accumulation of mineral ions in TDZ-treated 
tissues may also act as a trigger factor for induction of somatic embryogenesis and 
regeneration in carrot (Daucus carota subsp. sativus (Hoffm.) Arcang) (Guo et al. 
2011). Stress-related metabolites 4-aminobutyrate, ABA, proline, and mineral ions 
increased in the TDZ-treated root tissues of geranium (Pelargonium domesticum 
L.H. Bailey) (Murch et al. 1997, Murch and Saxena 1997).
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TDZ treatment has also been found to significantly improve accumulation of 
endogenous hormones (IAA, zeatin, GA3, and ABA) during shoot organogenesis. 
For instance, in leaf explants of E. purpurea, the levels for auxin, melatonin, and 
serotonin were found to increase after exposure to TDZ during regeneration. 
Furthermore, TDZ exposure stimulates ethylene production concurrent to accumu-
lations of ABA, auxin, proline, and Ca2+ (Jones et al. 2007). Inhibition of rooting 
and hypocotyl elongation, swelling at the base of hypocotyl, and tightening of coty-
ledons toward the apex induced by TDZ are characteristics of an ethylene action 
(Mundhara and Rashid 2006); not surprisingly, TDZ is more effective than CK for 
inducing “stress ethylene” production in plants (Yip and Yang 1986). Some negative 
effects of TDZ on growth parameters like rooting can be related to the stimulatory 
effect of TDZ on endogenous ethylene production (Pourebad et  al. 2015). An 
increase in ethylene production following TDZ treatment results in an inhibition of 
auxin transport in many dicots (Radhakrishnan et al. 2009), which in turn further 
highlights the complex relationship between TDZ’s auxin-like activity in terms of 
downstream effects with other PGRs.

1.7.5  Morphological Abnormalities Resulting from TDZ Use

Genetic evaluation of TDZ-induced explants using flow cytometry, inter-simple 
sequence repeat (ISSR), molecular markers, and directed amplification of 
minisatellite- region DNA (DAMD) has shown uniformity and stability in genome 
size and consistent ploidy level (Faisal et al. 2014). Still unfavorable side effects 
involving TDZ have been reported including hyperhydricity, dwarfing, uncontrolled 
callusing, abnormal shoot growth, and difficulty in rooting of shoots. The above 
side effects are manageable by transferring samples to TDZ-free medium and alter-
ing concentration and exposure time (Huetteman and Preece 1993; Mok et al. 2005; 
Singh and Dwivedi 2014; Magyar-Tábori et al. 2010). In addition to the concentra-
tion, undesired side effects associated with the use of TDZ will increase over time 
as a result of overexposure to TDZ (Manjula et al. 2014; Zhihui et al. 2009; Franklin 
et al. 2004).

Observed abnormalities demonstrated by cultured tissues exposed to TDZ are 
likely to be specific to plant organ and species; still certain trends have been observed 
including: enlarged dark-green cotyledons and leaves (Lu 1993; Murch et al. 1999), 
short, compact shoots and shoot buds, inhibited shoot elongation, deformation and 
hyperhydricity of seedlings (Franklin et al. 2004; Hosokawa et al. 1996; Varshney 
and Anis 2012; Zaytseva et al. 2016; Zhihui et al. 2009; Hare and Van Staden 1994; 
Dobránszki and da Silva 2010; Lu 1993), inhibited rooting, stunted and thickened 
root systems (Lu 1993; Murch et al. 1999; Proctor et al. 1996; Dobránszki and da 
Silva 2010), and necrosis and browning of tissue in seedlings (Zhihui et al. 2009). 
Morphological effects caused through exposure to TDZ can also be species specific, 
for instance, morphological abnormalities have been observed in C. annuum and 
Malus spp. along with positive effects including increased bud production. TDZ 
promotes abnormal regenerated shoots from roots of Bixa orellana L. (da Cruz et al. 
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2014). Seedlings developed in the presence of TDZ exhibited reduced root, epi-
cotyl, and hypocotyl elongation. Sankhla et al. (1994) found that A. julibrissin roots 
developed under the influence of TDZ were very thick and short and the develop-
ment of secondary roots was inhibited. On the other hand, no abnormalities (i.e., 
including fasciated shoots, hyperhydricity, and inhibited shoot elongation) were 
reported for other species including white pine and Dendrocalamus strictus (Roxb.) 
Nees (Mihaljevic and Vrsek 2009; Huetteman and Preece 1993; Tang and Newton 
2005; Singh and Dwivedi 2014).

Abnormalities caused by TDZ can be overcome. For instance, vitrification can 
be reduced by using unsealed petri dishes during shoot bud initiation, vented caps 
for jars during shoot elongation, and a higher concentration of gelling agent. Also, 
transferring regenerated shoots induced by TDZ to a second medium containing 
different CKs BA, 2iP, or IBA but lacking TDZ, can lead to regenerated shoots with 
normal growth and development (Lu 1993; Husain et al. 2007). Another solution to 
reduce the frequency of shoot fasciation is subculturing induced shoots to medium 
without TDZ which results in elongated shoots and normal leaves (Huetteman and 
Preece 1993; Varshney and Anis 2012). Furthermore, the type and combination of 
other CKs with TDZ significantly influence the occurrence of morphologically 
abnormal plants (Manjula et al. 2014). Generally, most morphological abnormali-
ties associated with applying TDZ can be overcome by reducing TDZ concentra-
tions and exposure time (Lu 1993). Additionally, TDZ-induced abnormal variations 
may be overcome by testing various concentrations and times of TDZ application in 
balance with other phytohormones. Application of TDZ in root-based regeneration 
systems may also be useful as roots are considered to be genetically more stable in 
regeneration responses. Regardless of these shortcomings of TDZ in inducing 
regeneration, it still remains a very useful tool to achieve the designed goals in a 
range of short-term and long-term micropropagation projects.

1.8  Conclusion

Although TDZ was discovered half a century ago, many questions still remain with 
respect to its mode of action and function during morphogenesis and organogenesis, 
which in turn provides interesting opportunities for researchers to explore. For 
instance, it is still largely unclear as to how plants metabolize TDZ upon exposure 
and how the mode of action of TDZ may contribute toward its ability to induce 
morphogenesis in plants even after being removed from growth media. Similarly, 
the observation that a relationship between TDZ and photoperiod exists suggests 
that additional mechanisms of action may exist for TDZ, potentially via downstream 
interactions with phytochrome. While a wealth of attention has been given to TDZ’s 
auxin- and CK-like properties, there is growing information in the literature to sug-
gest that its mode of action is far more complicated than once initially thought, with 
PGRs and regulatory signals likely playing a greater role than once imagined. The 
diversity of mechanisms with which TDZ is thought to act is reflected across the 
wide spectrum of morphological responses that has been observed for TDZ in 

E. T. Dinani et al.



27

plants. For example, specific responses including bud development, shoot prolifera-
tion, somatic embryogenesis, and seedling development are known to vary signifi-
cantly across species, explant, concentration, exposure time, and photoperiod, as 
well as in the presence or absence of other PGRs. As greater efforts are put forth to 
understand TDZ’s multifaceted role in vivo, new ways for utilizing this intriguing 
PGR will undoubtedly be realized as researchers will be better equipped to predict 
plant growth and developmental responses when inducing morphogenesis in vitro.
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Abstract
Strong cytokinin effects of thidiazuron (TDZ) in many plant species have been 
observed since its discovery in the 1970s. Several of these effects, such as cell divi-
sion stimulatory activity, anti-senescence, anti-stress activity and ethylene produc-
tion stimulation, have been adopted by agriculturalists and horticulturalists for a 
wide range of use. TDZ has been shown to promote the growth of various fruits, 
delay senescence of cut and potted flowers, increase stress tolerance and yield of 
several crops and cause defoliation of cotton. In this chapter, the mechanisms of 
how TDZ affects the desired traits are described, and the literature provides evi-
dences reviewed. The information given here should convince everyone that TDZ is 
not a mysterious substance but that it triggers classical cytokinin responses in plants 
as successfully as natural cytokinins, no matter whether directly or indirectly. A 
direct TDZ effect is mediated through the activation of all the cytokinin receptors in 
plants and their downstream associated signalling pathways. The indirect effect of 
TDZ is considered to be its ability to inhibit the enzyme cytokinin oxidase/dehydro-
genase which degrades cytokinins. This should lead to the elevation of endogenous 
cytokinin levels; however, it is not possible to distinguish whether the cytokinin 
effect was the effect of TDZ or the effect of endogenous cytokinins, since both share 
the same binding site in the proteins and the mechanism of action.
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2.1  TDZ: Cytokinin Activity in Arabidopsis

TDZ belongs to bis-substituted urea derivatives, which showed very strong cytoki-
nin activity. Among them 1-(2-chloro-pyridin-4-yl)-3-phenyl-urea (CPPU) was the 
first compound proved to bind specifically to the same site at cytokinin-binding 
protein from mung bean (Vigna radiata) as adenine-type cytokinins (Arima et al. 
1995). Six years later, the identification of cytokinin receptor in Arabidopsis was 
reported, and it was shown that the receptor is activated also by TDZ (Inoue et al. 
2001). The protein called cytokinin response 1 (CRE1) is a sensor histidine kinase 
which autophosphorylates after the activation by a cytokinin molecule (Inoue et al. 
2001). Interestingly, CRE1 was found to be identical to Arabidopsis histidine kinase 
4 (AHK4) (Ueguchi et  al. 2001) and to Wooden leg receptor protein, which is 
required for root development in Arabidopsis (Mähönen et al. 2000). Later, Spíchal 
et  al. (2004) clearly demonstrated that TDZ activates also the other Arabidopsis 
cytokinin receptor AHK3 in bacterial test system (Suzuki et al. 2001; Yamada et al. 
2001). These authors quantified the response of CRE1/AHK4 and AHK3 to TDZ 
and compared it with other naturally occurring cytokinins. TDZ strongly activated 
both receptors and, interestingly, activated the receptor AHK3 more effectively than 
trans-zeatin (tZ), being the best activator of this receptor from all the tested 
cytokinins.

Using the same bacteria, expressing cytokinin receptors AHK3 or CRE1/AHK4, 
in a competition assay, it was demonstrated that TDZ binds to the same binding sites 
in both receptors as tZ (Romanov et al. 2006). Finally, these data were completed by 
Stoltz et al. (2011) who showed that TDZ possesses also a very high affinity to the 
ligand-binding (called CHASE) domain of the last Arabidopsis cytokinin receptor 
AHK2. Actually, the KD of AHK2-CHASE domain and TDZ (2.5 nM) was lower 
than the KD of AHK2-CHASE domain and tZ (4.0 nM). TDZ showed again the 
highest affinity to this receptor from all cytokinins tested. More accurate data were 
obtained when AHK2, AHK3 and ZmHK1 (the cytokinin receptor from Zea mays) 
were expressed in full length in a plant assay system (Lomin et al. 2015). In this 
assays, TDZ exhibited higher KD with cytokinin receptors than tZ, but only to a 
minor extent, having still a very high affinity to all cytokinin receptors, including 
ZmHK1, which is a maize orthologue of AHK4.

Last doubts about whether the urea- and adenine-derived cytokinins bind to the 
same binding site were refuted by Hothorn et  al. (2011) who achieved to co- 
crystalize TDZ with CRE1/AHK4. The phenyl moiety of TDZ binds to the same 
pocket as isoprenoid tail of tZ, and the two nitrogens of thiadiazolyl group mimic 
the polar interactions of N9 and N3 of adenine ring. The urea moiety of TDZ estab-
lishes polar interactions which are very similar to those observed for N7 and N6 in 
the adenine-type complexes (for more details, see Hothorn et al. 2011). This co- 
crystal thus rationalizes why the urea derivatives are capable to bind to the cytokinin 
binding site in the receptor, which also determines their cytokinin activity.

In Arabidopsis, it was shown that the activation of CRE1/AHK4 is responsible for 
the inhibition of root growth associated with the use of classical cytokinins (Riefler 
et  al. 2006). Accordingly, we have observed that TDZ strongly inhibited the root 
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growth and development of Arabidopsis seedlings from 1 nanomolar concentration 
(Fig. 2.1). TDZ also retards the dark-induced senescence in detached Arabidopsis 
leaves (from 1  micromolar concentration, our unpublished data), which has been 
shown to be mediated mainly by the activation of AHK3 and through specific phos-
phorylation of a cytokinin response regulator ARR2 (Kim et al. 2006). Our group 
reported that TDZ activates the expression of ARR5 gene in Arabidopsis seedlings 
(Spíchal et al. 2004; Nisler et al. 2016). The ARR5 is a primary response regulator 
with a cytokinin-dependent promoter (D’Agostino et  al. 2000), the activation of 
which integrates the responses of several putative cytokinin signalling pathways and 
therefore does not distinguish between the contributions of individual cytokinin 
receptors. Notably, TDZ was the most active cytokinin in this assay, exceeding again 
the activity of cytokinins tZ and N6-benzyladenine (BA) (Spíchal et al. 2004; Nisler 
et al. 2016). It was also shown earlier that TDZ (and CPPU) induced the expression 
of IBC6 and IBC7 (induced by cytokinin) genes, now known as type-A response 
regulatory genes ARR5 and ARR4. In Arabidopsis genome, 23 genes encoding cyto-
kinin response regulators (ARRs) – divided into type A and type B – were found (e.g. 
Schaller et al. 2008). The transcription of all members of the type-A family, but not 
the type-B family, is rapidly induced by cytokinins (Brandstatter and Kieber 1998; 
Taniguchi et al. 1998; D’Agostino et al. 2000). Some of type-A ARRs negatively 
regulate cytokinin signalling and thus participate in a negative feedback loop (Kiba 
et al. 2003; To et al. 2004; Leibfried et al. 2005; To et al. 2007). When type-B ARRs 
are phosphorylated, they act as transcription factors which bind to target DNA 
sequences and activate transcription of target genes. The same role is also fulfilled by 
cytokinin response factors (Rashotte et al. 2006). Modern genetic methods, such as 

Fig. 2.1 The effect of 
TDZ on root growth of 
Arabidopsis (14 days old) 
grown on half-strength MS 
medium (supplemented 
with 0.1% sucrose and 
6 g/L Phytagel) containing 
TDZ or 0.01% DMSO 
(22 °C, 16/8 light/dark, 
130 μM m−2 s−1) (n = 40)
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microarrays, revealed in Arabidopsis more than 3000 genes in total which are regu-
lated by cytokinins (reviewed in Brenner et al. 2012).

To conclude, and as reviewed also in this chapter, there are numerous proofs that 
at least in Arabidopsis, TDZ functions as a regular cytokinin whose effect is medi-
ated through the activation of cytokinin receptors and downstream-associated sig-
nalling pathways. TDZ strongly exhibits properties common to all cytokinins; it is 
therefore not a mystery, as many authors state, how TDZ functions in plants. If there 
are some doubts or uncertainties regarding the TDZ mode of action and function in 
plants, those are not related to TDZ but to cytokinins in general.

2.2  Inhibitory Strength of TDZ Towards Cytokinin Oxidase/
Dehydrogenase

Naturally occurring cytokinins are adenine derivatives with a distinct N6 side chain. 
In plants cytokinin levels are regulated by the enzyme cytokinin oxidase/dehydro-
genase (abbreviated as CKO or CKX, EC 1.5.99.12). CKX catalyses the irreversible 
oxidative breakdown of cytokinins to form adenine/adenosine and the correspond-
ing aldehyde (Whitty and Hall 1974; Brownlee et al. 1975; Chatfield and Armstrong 
1986). Model plant Arabidopsis thaliana contains seven CKX isoforms, of which 
AtCKX2 is the most active and well-studied one (Galuszka et al. 2007).

The negative effect of TDZ on CKX activity was firstly observed by Chatfield 
and Armstrong (1986) in callus tissue of Phaseolus vulgaris. TDZ inhibited break-
down of N6-(Δ2-isopentenyl) adenine-8-14C to the same extent as the excess of unla-
belled N6-(Δ2-isopentenyl) adenine. The authors hypothesized that TDZ could be 
the substrate of CKX and therefore compete with cytokinin in the enzyme active 
site, but other mechanisms of inhibition were not excluded. Hare and Van Staden 
(1994) studied the mechanism of how TDZ inhibits the activity of CKX from soy-
bean callus and suggested that it is a mixed and predominantly uncompetitive mech-
anism. Ki value for the inhibition was 168 μM. More recent studies have shown that 
phenyl urea derivatives, including TDZ, are competitive inhibitors of CKX (Bilyeu 
et al. 2001; Kopečný et al. 2010, Nisler et al. 2016). Monocotyledonous Zea mays 
contains 13 CKX isoforms, of which ZmCKX1 is the best studied isoform and 
which has been shown to play a crucial role in cytokinin degradation in maize 
(Houba-Hérin et  al. 1999; Morris et  al. 1999). Bilyeu et  al. (2001) provided the 
molecular and biochemical characterization of ZmCKX1 and determined the Ki val-
ues for several urea derivatives with this enzyme. Compound F-PU (Ki = 0.1 μM, 
Table 2.1) which is CPPU with fluorine in meta-position of phenyl ring and CPPU 
(Ki = 3 μM, Table 2.1) were better inhibitors than TDZ (Ki = 8 μM). Kopečný et al. 
(2010) further identified several new potent inhibitors of ZmCKX1 derived from 
CPPU and showed, as well as the previous work, that TDZ is a rather weaker inhibi-
tor of ZmCKX1 when compared to CPPU and its derivatives. The most recent work 
showed that specific substitutions on phenyl ring of TDZ lead to the improvement 
of the CKX inhibitory activity of TDZ molecule towards AtCKX2, ZmCKX1 and 
ZmCKX4a (Nisler et al. 2016). Specifically, methyl hydroxy-moiety (compound 8) 
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and ethyl hydroxy-moiety (compound HETDZ) in ortho-position and trifluoro- 
methoxy group in meta-position of phenyl ring (compound 3FMTDZ) caused the 
most evident increase in CKX inhibition (structures in Table  2.1). On the other 
hand, but in accordance with previous literature (Bruce and Zwar 1966; Mok et al. 
2005), any substitutions on the TDZ phenyl ring lowered the cytokinin activity of 
the molecule when compared to TDZ (Nisler et al. 2016).

To conclude, TDZ in addition to a direct cytokinin effect at the receptor level can 
increase endogenous cytokinin concentrations in plants, which together could result 
in an enhanced plant response to cytokinin signal. However, TDZ is apparently a weak 
inhibitor of CKX enzymes, when compared to the other urea-type compounds. In 
addition to that, it was reported that application of exogenous cytokinin induces strong 
expression of CKX genes (Mik et al. 2011). Therefore, it is very possible that the level 
of endogenous cytokinins decreases in plants after the TDZ treatment and that the 
plant response to cytokinin is mainly the response to TDZ. Indeed, strong cytokinin 
effect of TDZ is most probably associated with its high ability to activate cytokinin 
receptors and the inability of CKX to degrade it. This is the most obvious difference 
between natural and synthetic urea-based cytokinins and the probable reason why the 
synthetic cytokinins exhibit stronger effects in plants than the natural ones.

2.3  TDZ: Mode of Action, Uses and Potential in Agriculture

2.3.1  Fruit Crop Improvement

A defining characteristic of cytokinins is their ability to promote plant cell division 
(cytokinesis) (Miller et al. 1955). Most recent works revealed that cytokinins are impli-
cated in controlling the cell cycle and specifically in both the G1/S and G2/M transi-
tions. In G1/S transition, cytokinins were shown to induce the expression of the three 
D-type cyclin genes (Riou-Khamlichi et al. 1999; Scofield et al. 2013), which control 
the type of cycle, favouring the mitotic cell cycle over endo reduplication (Dewitte 
et al. 2007). It was suggested that D-type cyclins are the key targets of cytokinins in 
G1/S transition (Dewitte et al. 2007). Despite this, it is assumed that a major role of 
cytokinins in the cell cycle may be in regulating the G2/M transition (Schaller et al. 
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2014). For example, it was shown that zeatin is indispensable for the G2/M transition 
in synchronized tobacco BY-2 cells (Laureys et al. 1998) and that the G2/M transition 
is blocked in these cells when treated with lovastatin, an inhibitor of cytokinin biosyn-
thesis (Redig et al. 1996). In the G2/M transition, the cytokinins seem to play a crucial 
role, although the mechanism of this regulation at molecular level is not yet clear.

The cell division promoting activity of cytokinins is widely used in horticulture 
and is very well documented. The most efficient and best known of all compounds 
tested so far is CPPU, known as forchlorfenuron or KT-30 (Jo et al. 2003). CPPU is 
the active ingredient of several currently marketed formulations used for the 
improvement of various fruit crops. Shortly after the discovery of CPPU in 1978, it 
was shown by Mok et al. (1982) that the TDZ activity in Phaseolus callus assay was 
a little higher than the activity of CPPU, whose activity was similar to that of 
tZ. Since that time both compounds were tested for a fruit yield improvement. The 
effect of TDZ and CPPU on several parameters of wine grapes (Vitis vinifera) was 
firstly tested and compared in Canada (Reynolds et al. 1992). Both plant growth 
regulators when applied on wine clusters by dipping them in the compound solu-
tions linearly with the concentration increased the cluster and berry weight in either 
fresh or stored clusters of all four tested varieties (Reynolds et al. 1992). The num-
ber of berries per cluster was not affected. The grapes exhibited generally delayed 
ripening, which was reflected by lower sugar and anthocyanin contents and higher 
content of titratable acids. The effect of TDZ appeared to be equal to, or better than, 
that of CPPU. A similar research was conducted with kiwifruits (Actinidia delici-
osa), which were also dipped in TDZ or CPPU (Famiani et al. 1999). It was found 
that TDZ remarkably increased fruit growth soon after the application, and at har-
vest, the fruits were by 50–60% heavier than untreated ones. Contrary to the previ-
ously mentioned study, the fruits exhibited faster ripening, which was demonstrated 
by a higher content of soluble solids and sugars and lowered total titratable acidity. 
CPPU had the same effect as TDZ. The positive effect of TDZ on yield forming 
parameters was also observed on cucumbers (Cucumis sativus) (Yang et al. 1992), 
persimmon fruit (Diospyros kaki L.) (Itai et al. 1995), pears (Pyrus communis) (Petri 
et al. 2001; Stern et al. 2003) and apples (Greene 1995; Petri et al. 2001). In all cases 
a significant enlargement of fruits was observed. The effect of TDZ on the yield of 
pear trees was examined during five consecutive years (1998–2002) in Israel. The 
increase in fruit size was accompanied by a slight thinning, but the fruit shape, or 
return yield in the following year, was not affected (Stern et al. 2003). It is known 
that the chemical thinning of post-bloom apples improves the fruit size and increases 
return bloom (e.g. Forshey 1987). A strong thinning effect of TDZ was observed on 
apple trees, which however in consequence of that had lower yield (Elfwing and 
Cline 1993). Interestingly, this effect was stronger than that of BA and was probably 
caused by a too high concentration of TDZ. Other authors reported that TDZ during 
seven growing seasons, every year, significantly increased the fruit set and fruit 
weight on apple trees. These apples had reduced the seed number and the calcium 
content per fruit, but increased the fruit firmness (Petri et al. 2001).

Abad et al. (2004) published a comprehensive study on the effect of 17 phenyl- 
fluorinated analogues of TDZ on the growth and quality of kiwifruits. Two different 
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concentrations (10 and 25  ppm) were tested. TDZ-treated fruits were by 31% 
(10 ppm) and 38% (25 ppm) heavier than the untreated ones. Interestingly, most of 
the fluorinated TDZ analogues enhanced the fruit size to the similar extent as 
TDZ.  The highest increase in weight was achieved by the application of 
2,3,5,6- tetrafluorinated TDZ derivative at 25 ppm (at harvest, fruits were by 58% 
heavier than the untreated ones) followed by a 3,5-difluorinated TDZ derivative at 
10 ppm (weight increase by 50%). In general, the treatments did not significantly 
affect the fruit shape or the number of seeds and consistently with previous results 
accelerated the fruit ripening; however, some of the more active derivatives delayed 
postharvest maturation (for more details see Abad et al. 2004).

In summary, it is reported that TDZ as well as CPPU increases the fruit size by 
stimulating cell division and expansion in the early stages of fruit development and 
thus have a positive effect on overall yield. TDZ can be a powerful tool for improv-
ing fruit cropping, fruit quality and storage potential in a wide range of fruit species. 
However, it seems that TDZ and CPPU exhibit very similar effects, but CPPU is 
historically older and commercially cheaper, which is probably the reason why 
CPPU has been preferred at the market.

2.3.2  Improvement of the Vase Life of Cut Flowers

Postharvest senescence of cut flowers is a major limitation of their marketing; thus, 
considerable effort has been devoted to retard this process. Cutting the flowering 
stem from the mother plant causes stress-induced senescence in the cut flower, and it 
is accompanied and accelerated by an increased production of ethylene by tissue and/
or its sensitivity to this phytohormone. Ethylene is a positive regulator of senescence 
in plants (Abeles et al. 1988; Reid 1995), and its endogenous production by plant 
organs is a highly regulated and age-dependent process (Jing et al. 2005). Increasing 
ethylene production occurs in senescing tissues and as a response to stress (El-Beltagy 
and Hall 1974), including cutting (references herein). Therefore, most of the efforts 
to improve postharvest quality of plant products were focused on diminishing the 
ethylene evolution or its sensing. The enhanced level of endogenous cytokinins as 
well as exogenously applied cytokinins was shown to delay the senescence (Gan and 
Amasino 1995; Rivero et al. 2007; Richmond and Lang 1957; Ferrante et al. 2002a, 
b) and therefore also the production of ethylene. Some of the mechanisms how cyto-
kinins function in senescence have been described (Weaver et al. 1998; Jordi et al. 
2000; Balibrea Lara et al. 2004; Kim et al. 2006). Several works provided evidence 
that there is a strong correlation between decreased cytokinin content in the leaves 
and the onset and the progression of their senescence (Van Staden 1973; Singh et al. 
1992; Gan and Amasino 1997; Masferrer et al. 2002); therefore, supplying cytoki-
nins to cut flowers to solve their postharvest senescence is the right strategy.

Historically, Richmond and Lang (1957) were the first who reported that cytoki-
nin kinetin reduced protein and chlorophyll loss in detached Xanthium leaves. Later, 
several urea derivatives with cytokinin activity were found to delay chlorophyll deg-
radation in radish (Raphunus sutivus) leaf discs in one micromolar concentration as 
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well as kinetin (Kefford et al. 1973). The preventing effect of TDZ on leaf senes-
cence was firstly reported quite late by Ferrante et  al. (2001), although its high 
cytokinin activity had already been known for 20 years (Mok et al. 1982). Ferrante 
focused his attention on cut Alstroemeria flowers and found that TDZ is by far the 
most effective substance in retarding leaf yellowing (Ferrante et al. 2002a). While 
the leaves of control plants turned yellow after 6 days, 24 h pulse treatment with 
10 μM TDZ kept the leaves green for more than 60 days. In contrast the second most 
effective hormone, applied by the same way in 100 μM concentration, was GA3 
which was effective approximately 30 days. However, Ferrante compared the effect 
of TDZ with GA3 which was shown to have much lower activity in delaying yellow-
ing of Alstroemeria leaves than gibberellins GA4 and GA7 (Jordi et al. 1995). In 
Ferrante’s report, BA, CPPU and DPU were almost ineffective even in 100 μM 
concentration in preventing senescence of Alstroemeria leaves. Unfortunately, none 
of the tested compounds, including TDZ, prevented petal abscission of Alstroemeria 
flower, which is known to be ethylene insensitive (Ferrante et  al. 2002a). In cut 
flowers of Matthiola incana, TDZ prolonged the fresh appearance of both the leaves 
and flowers, although the effect on leaf longevity was much more apparent than the 
effect on flower vitality (Ferrante et al. 2009). In the same plant, TDZ prevented also 
the degradation of carotenoids and the production of abscisic acid (Ferrante et al. 
2004). In addition to ethylene, abscisic acid accumulation also accelerates senes-
cence (Mayak and Halevy 1972). Abscisic acid occurs as a response to stress and is 
considered to be a marker of stress-induced senescence (Cutler et al. 2010). It was 
therefore demonstrated that TDZ reduces stress responses in the stems of cut flow-
ers (Ferrante et al. 2004). In another work Ferrante et al. (2009) showed that the 
co-application of TDZ and GA3 did not have any beneficial effects in Matthiola 
incana, although GA3 alone slightly delayed leaves and petal senescence. 
Interestingly, combined application of TDZ (5 μM) and GA3 (500 μM) induced 
higher production of ethylene by flowers and leaves and had a negative effect on leaf 
colour (Ferrante et al. 2009). From these results, it seems that high doses of GA3 
antagonized the anti-senescence effect of TDZ in Matthiola incana. Indeed it was 
shown that gibberellins inhibits cytokinin responses in Arabidopsis, and it was sug-
gested that SPINDLY proteins mediate this hormone interaction (Greenboim-
Wainberg et al. 2004). Yet, many commercial preparations for cut flowers contain a 
combination of cytokinins and gibberellins. This combination is probably advanta-
geous when both phytohormones are used in appropriate concentrations.

On the other hand, there is clear evidence showing that the effect of TDZ can be 
enhanced by other factors or chemicals which prevent the progress of senescence. It 
was found that TDZ in combination with light significantly increased chlorophyll 
content in cut stock (Matthiola incana L.) flowers, cut chrysanthemum, tulips and 
lilies and also cut eucalyptus foliage when compared to the initial values measured 
at the harvesting time (Ferrante et al. 2002a, b, 2003, 2004, 2005, 2009, 2011). The 
effect of TDZ on dark-stored flowers was weaker. These results are not as surprising 
if we take into account that light inhibits leaf senescence (Wingler et al. 1998), and 
it is required for the synthesis of chlorophyll (Kraepiel and Miginiac 1997). It was 
further shown that cytokinins in combination with light accelerate biosynthesis of 
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the photosynthetic complexes in developing chloroplasts (Yaronskaya et al. 2006). 
TDZ and light therefore exhibited synergistic effect in delaying senescence and 
moreover together stimulated biosynthesis of new chlorophyll in leaves of cut 
stems. There was also observed a synergistic effect of TDZ with the effect of sodium 
nitroprusside, a nitric oxide donor (Mortazavi et al. 2011). Nitric oxide is known to 
inhibit senescence by decreasing ethylene production (Leshem and Wills 1998). 
Both substances TDZ and nitric oxide when applied separately significantly 
decreased ethylene production in cut roses (Rosa sp.) – in concentration-dependent 
manner – and prolonged their shelf life. When applied together, no further decrease 
in ethylene production was observed; however, the longevity of flower was pro-
longed (Mortazavi et al. 2011). Very similar results were also reported for Lilium cut 
flowers (Kaviani and Mortazavi 2013). Sankhla et al. (2005) further reported that 
TDZ alone and sucrose alone can counteract the accelerating effect of ethylene on 
senescence of cut inflorescences of Lupinus densiflorus and that TDZ and sucrose 
have synergistic effect. Sucrose is a transportable form of carbohydrates in plants 
and provides energy supply for biological processes associated with active growth, 
metabolism and development. It was shown that radioactively labelled nutrients are 
preferentially transported and accumulated in cytokinin-treated tissue (Mothes and 
Engelbrecht 1963); hence, TDZ most probably facilitated the mobilization of 
sucrose in sink tissues, such as in senescent leaves of cut flowers. Later, the mecha-
nism was clarified when it was shown that cytokinins upregulate the expression of 
extracellular cell wall invertase, an enzyme which has a crucial role in source-sink 
regulation (Balibrea Lara et al. 2004). Thus, in cut flowers, TDZ-induced sucrose 
mobilization exhibited an additional senescence delaying effect to the other effects 
of TDZ itself. It is in accordance with reports showing the suppressive effect of 
sucrose on ethylene production and on ethylene sensitivity (Mayak and Dilley 1976; 
Ichimura and Hiraya 1999). Sucrose is also a common part of commercial prepara-
tions for the extension of flower longevity. Sankhla et al. (2003) further reported 
that TDZ significantly enhanced the postharvest quality of perennial phlox flowers 
(Phlox paniculata) and induced the opening of additional flower buds during vase 
life. In this case, TDZ counteracted the negative effect of abscisic acid on flower 
abscission and leaf senescence (Sankhla et al. 2003).

Contrary to the above evidence, it was shown that TDZ can induce ethylene pro-
duction in cut flowers. In experiments with Dutch iris cut flowers (Iris × hollandica), 
TDZ increased the evolution of ethylene by opening flower but also prolonged its 
vase life, stimulated the growth of the stem and the opening of second flower and 
delayed stem yellowing (Macnish et al. 2010). In Pelargonium cuttings, TDZ signifi-
cantly increased ethylene evolution, but simultaneously induced strong expression of 
PhETR1 (a negative acting ethylene receptor gene), thus decreasing the sensitivity of 
Pelargonium leaves to ethylene and having delaying effect on the onset of senes-
cence (Mutui et  al. 2007). Similar results were obtained with petunia (Petunia x 
hybrida) transformed with PSAG12-IPT, which overproduce endogenous cytokinins in 
senescence period. The transformed flowers produced the same amount of ethylene 
as wild-type flowers but were less sensitive to exogenous ethylene than wild-type 
flowers and exhibited a much longer lifetime (Chang et al. 2003). It demonstrates 
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that both exogenous cytokinin (TDZ) and endogenous cytokinins lowered the sensi-
tivity of plants to ethylene and extended their lifetime. It is very possible that TDZ in 
addition to delaying ethylene production lowers the plant sensitivity to ethylene also 
in other species. The evidence given here further demonstrates that even in cases 
when TDZ enhanced ethylene production, the TDZ anti-senescence effect was pre-
vailing over the senescence effect of TDZ-induced ethylene. This suggests that the 
action of cytokinins is superior to the action of ethylene in the regulation of senes-
cence. In addition to the works reviewed in this chapter, several other authors had 
reported positive effect of TDZ on marketable traits of other cut and potted species. 
The complete overview is presented in Table 2.2.

Table 2.2 Overview of studies reporting on the effects of TDZ on extending leaf and flower lon-
gevity in various cut and potted species. Ordered alphabetically according to the first author

Cut flowers/potted species
Effect of TDZ/other (co)-applications/
hormone interaction References

Alstroemeria hybrida Retardation of leaf and flower senescence Bagheri and 
Sedaghathour 
(2013)

NAA, ethylene

Rosa hybrida Extension of flower vase life in one out of 
seven cultivars

Chamani et al. 
(2006)

Induction of lateral shoot development
Lilium sp. Retardation of leaf and flower senescence Dhiman et al. 

(2015)GA3, BA
Alstroemeria sp. Retardation of leaf senescence Ferrante et al. 

(2001)BA; GA3

Alstroemeria sp. Retardation of leaf senescence Ferrante et al. 
(2002a)4-CPPU; 1,3-DPU; BA; GA3

Eucalyptus parvifolia cut 
branches

Retardation of leaf senescence Ferrante et al. 
(2002b)BA, ACC, AOA, CoCl2

Tulipa sp. and 
Chrysanthemum sp.

Retardation of leaf senescence Ferrante et al. 
(2003)Inhibition of rooting

Promotion of lateral shoot elongation
Matthiola incana Retardation of leaf senescence Ferrante et al. 

(2004)Inhibition of carotenoid degradation
Inhibition of ABA production
8-HQS, ABA

Chrysanthemum sp. Retardation of leaf senescence Ferrante et al. 
(2005)BA

Matthiola incana Retardation of leaf senescence and petal 
wilting

Ferrante et al. 
(2009)

Light, ethylene, GA3

Lilium sp. Retardation of leaf and flower senescence Ferrante et al. 
(2011)BA

Matthiola incana Retardation of leaf and flower senescence Ferrante et al. 
(2012)1-MCP, ethylene

Pelargonium zonale Retardation of leaf senescence Hatami et al. 
(2013)Potted plants Enhancement of antioxidant enzyme activity

(continued)
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Table 2.2 (continued)

Cut flowers/potted species
Effect of TDZ/other (co)-applications/
hormone interaction References

Alstroemeria hybrid Retardation of leaf and flower senescence Hatamzadeh et al. 
(2012)BA

Freesia sp., 
Ornithogalum sp., 
Euphorbia fulgens potted 
Geranium sp.

Retardation of leaf senescence Jiang et al. (2009)
Delayed leaf abscission
Extended flower life and increased flower 
number

Chrysanthemum 
morifolium

Retardation of leaf and flower senescence Kaur and Singh 
(2015)Enhancement of antioxidant enzyme activity

Ethrel (contains CEPA), STS, BA
Lilium sp. Increased flower life and flower diameter Kaviani and 

Mortazavi (2013)Nitric oxide
Lilium sp. Delayed leaf chlorosis Leonard and Nell 

(2004)Chrysal BVB, fascination
Iris × hollandica Extension of flowers vase life Macnish et al. 

(2010)Enhancement of flower opening GA3

Rosa hybrida Extended flower life Mortazavi et al. 
(2011)Nitric oxide, SNP

Pelargonium cuttings Retardation of leaf senescence Mutui et al. 
(2003)Delayed onset of leaf senescence

Potted Pelargonium Delayed onset of leaf senescence Mutui et al. 
(2005)Reduced root formation

Ethylene, ABA, darkness, IBA
Pelargonium cuttings Retardation of leaf senescence Mutui et al. 

(2007)Reduction of sensitivity to ethylene by the 
induction of higher expression of the negative 
acting ethylene receptor – PhETR1 ethylene, 
ABA, darkness

Phlox paniculata cut 
inflorescences

Retardation of leaf and flower senescence Sankhla et al. 
(2003)Stimulation of opening of flower buds

Counteracted ABA effect
Lupinus spp. cut 
inflorescences

Delayed onset of flower senescence Sankhla et al. 
(2005)Sucrose, STS, 1-MCP, CEPA, ethylene

Alstroemeria hybrida Extension of the flowers vase life SA Tirtashi et al. 
(2014)

Rosa sp. Retardation of leaf and flower senescence Talebi et al. 
(2013)SNP (nitric oxide donor)

Polianthes tuberosa Extension of flowers vase life Uthairatanakij 
et al. (2007)Stimulation of opening of flower buds 

ethylene, sucrose

1-MCP 1-methylcyclopropene, AOA aminooxyacetic acid, CoCl2, STS silver thiosulfate (ethylene 
action inhibitors), 8-HQS 8-hydroxyquinoline sulphate (biocide inhibiting growth of microorgan-
ism), ABA abscisic acid, ACC 1-aminocyclopropane-1-carboxylicacid, CEPA 
2- chloroethylphosphonic acid (ethylene source), BA N6-benzyladenine (cytokinin), Ethrel plant 
growth regulator containing CEPA, GA3 gibberellic acid, IBA indole-3-butyric acid (auxin), NAA 
naphthalene acetic acid (auxin), SA salicylic acid
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The evidence reported herein shows that TDZ functions by the same way as natu-
ral cytokinins in delaying senescence. By supplying the cytokinin signal in plants, 
TDZ delays the production of ethylene and/or lowers the sensitivity of plant tissue to 
ethylene, which retards the senescence process. In light TDZ even stimulates chloro-
phyll biosynthesis which has an enormous positive additional effect. It has been 
hypothesized that the remarkable effect of TDZ, exceeding often the activity of ade-
nine cytokinins, is most probably a combination of its high cytokinin activity, CKX 
inhibitory activity and high in vivo chemical stability (Ferrante et al. 2002a, b). The 
latter was supported by Mok and Mok (1985) who showed that [14C] thidiazuron was 
not broken down in Phaseolus lunatus callus tissue over a 1-month period. Further 
work also provided evidence that the TDZ molecule remains stable in both free and 
conjugated forms within the plant tissues (Murch and Saxena 2001). To conclude, the 
evidence reported herein shows that TDZ is extraordinarily effective in improving 
the postharvest quality of many cut flowers and foliage plants. Since it is already 
registered as an agricultural chemical and it is available on the market, it has a great 
commercial potential as a senescence retardant in many species.

2.4  Improvement of Stress Tolerance and Yield  
of Main Crops

Chloroplasts are among the main targets of cytokinin action in the plant cell. 
Cytokinins promote synthesis and prevent the degradation of many components, 
which are implicated in chloroplast biosynthesis; therefore, they are crucial for pho-
tosynthesis and plant development (e.g. Flores and Tobin 1988; Chory et al. 1994; 
Kusnetsov et al. 1994, Yaronskaya et al. 2006; Chernyaďev 2009). By this action, 
cytokinins enhance photosynthetic rate (PN) and efficiency (Debata and Murty 1981; 
Yoon and Richter 1990) which can improve the production and yield in crop plants 
(reviewed by Chernyaďev 2009). There are more than 50 scientific works providing 
evidence that cytokinins such as kinetin and BA improved the grain yield of main 
agricultural crops, such as wheat, barley, rice, maize, etc. at optimal or stress condi-
tions (reviewed by Koprna et al. 2016). Most of the works reported the cytokinin 
induced delayed senescence, enhanced photosynthetic activity and stress tolerance, 
which in most cases lead to the yield improvement. Unexpectedly, there are only a 
few similar reports regarding the effect of TDZ on main crop species. In the first 
study, the effect of TDZ on grain yield of spring wheat (Triticum aestivum) grown in 
pots in optimal or under salinity stress conditions was evaluated (Beckett and van 
Staden 1992). TDZ applied during floret initiation reduced the yield of unstressed 
plants, had little effect on plants receiving 50 mM NaCl and increased the yield of 
plants receiving 70 mM NaCl. TDZ generally reduced the number of spikelets and 
grains per ear, but increased the mean weight of seeds preferably in stressed plants. 
Chernyaďev (1994) studied the effect of TDZ and BA on PN and photosynthetic 
enzyme activities (e.g. RuBisCO) in sugar beet (Beta vulgaris), Pea (Pisum sativum), 
meadow fescue (Festuca pratensis) and reed fescue (Festuca arundinacea). In all 
tested plants both cytokinins enhanced the activity of all studied enzymes and 
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increased the PN, with BA having always at least a little better effect than TDZ 
(Chernyaďev 1994). The effect on the overall yield was not determined.

In the most recent work, the effect of combined application of TDZ, paclobutra-
zol and ascorbic acid on physiological traits of four wheat genotypes under optimal 
and water deficit conditions was evaluated (Dwivedi et al. 2017). The results indi-
cate that the application of the mixture enhanced PN and had positive effect on yield 
parameters in wheat under both conditions. Unfortunately, the authors did not eval-
uate the effects of individual components; therefore, the positive contribution of 
TDZ cannot be estimated. A very similar research was conducted by Nagar et al. 
(2015), who showed that BA increased the grain yield in drought-tolerant and 
drought-susceptible wheat cultivars under both optimal and water deficit conditions. 
It has been shown that the positive result is related to the higher assimilation of 
nitrogen, because BA enhanced the activity of nitrate reductase and glutamine syn-
thetase, the two major enzymes of nitrogen assimilation pathway. The positive regu-
latory role of cytokinins in nitrogen assimilation has been described (Taniguchi 
et al. 1998; Sakakibara 2003; Brenner et al. 2005); hence, it can be assumed that 
TDZ could have the same positive effect on yield parameters as other cytokinins. 
Interestingly, there is also a work showing that TDZ delayed the progress of leaf 
necrosis induced by early blight (Alternaria solani), a disease in potato (Solanum 
tuberosum), and exhibited a positive synergistic effect with some fungicides on the 
inhibition of the necrosis progress (Pavlista 2003). Apparently, TDZ protects chlo-
rophyll in plant leaves regardless of the origin of the senescence initiator.

Although the benefits associated with the use of cytokinins were proven, they do 
not have a stable place among commercialized plant growth regulators, possibly due 
to the complexity of their effects. Cytokinins inhibit root development (Werner 
et al. 2003), which is an undesirable side effect. However, this can be overcome by 
the application of cytokinins in later developmental stages. It can be concluded that 
the potential of cytokinin utilization in typical agriculture attracted a lot of attention 
and that TDZ is in this regard much neglected. Given that TDZ showed much higher 
cytokinin activity than BA or kinetin (Mok et al. 1982; Ferrante et al. 2002a; Spíchal 
et al. 2004, Nisler et al. 2016), I am convinced that there is an extraordinary poten-
tial of TDZ in this field, which is unfortunately still waiting to be discovered. In my 
opinion, TDZ could also represent a useful tool in ameliorating the negative effects 
of biotic stresses, such as plant diseases which disrupt the plant photosynthetic 
activity. However, this remains to be evaluated by future studies.

2.5  Defoliation of Cotton

It is thought that TDZ has been invented for the defoliation of cotton, which is one 
of the most important steps prior to its mechanical harvesting. However, the first 
report on TDZ molecule came from a patent describing nine 1,2,3-thiadiazole-5-yl 
urea derivatives as growth retardants for grasses, beans and peanuts (Schulz and 
Arndt 1973). Another work showed that TDZ, as well as some of the effective her-
bicides, uncouples ATP formation in isolated chloroplasts or mitochondria of 
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spinach (Spinacia oleracea) and therefore inhibits energy conservation in respira-
tion and photosynthesis (Hauska et al. 1975). Only a year later Arndt et al. (1976) 
for the first time presented a cotton defoliating activity of TDZ at an annual meeting 
of the American society of plant physiologists in New Orleans. It has been known 
for a long time that abscission inducing or accelerating substances function through 
promoting ethylene evolution (Abeles 1966). The same mechanism of action had 
been proposed for TDZ by Suttle (1983), who later showed that TDZ induced eth-
ylene evolution in mung bean (Vigna radiata) hypocotyls and that the ethylene is 
synthesized from methionine via1-aminocyclopropane-1-carboxylic acid (ACC) in 
methionine pathway (Suttle 1984). In cotton it was demonstrated that TDZ induced 
a massive production of ACC and its oxidation to ethylene (Suttle 1986). In another 
work Suttle (1985) demonstrated that TDZ induced a large production of endoge-
nous ethylene by leaf blades and abscission zone explants. The ethylene then acti-
vated the abscission zone tissue between the plant stem and the petioles of the leaves 
which caused a leaf drop. Inhibitors of ethylene action (silver thiosulfate, hypobaric 
pressure) or ethylene synthesis (aminoethoxyvinylglycine) resulted in an inhibition 
of TDZ-induced defoliation of cotton seedlings. TDZ stimulated an abscission of 
the younger leaves of cotton from a concentration of 10 μM, while the oldest true 
leaves required a higher concentration (100 μM) and exhibited a lower rate of total 
abscission. Interestingly, the leaves abscised green, suggesting that senescence was 
not the physiological basis for ethylene evolution and leaf abscission (Suttle 1985). 
It was suggested that previously registered defoliants with herbicidal activity are 
toxic for plants, therefore causing stress-induced overproduction of ethylene and 
consequently leaf senescence and abscission, while TDZ stimulates ethylene evolu-
tion as a result of hormone-like activity of TDZ itself (Suttle 1984, 1985, 1986). It 
was supported by the fact that herbicides are applied in much higher amounts 
(1–3 kg/ha) than TDZ (50–250 g) to achieve the same result. Other proofs came 
shortly after. It had been known that TDZ exhibited cytokinin-like activity, the same 
as adenine-type cytokinins; therefore, their effect on cotton seedlings was also 
examined (Suttle 1986; Grossmann 1991). It was found that all cytokinins tested (4 
PU-30, TDZ, BA, tZ, iP, Kin) stimulated the production of ethylene in cotton seed-
lings and concluded that the induction of leaf abscission in cotton is a common 
effect of urea- and adenine-type cytokinins (Suttle 1986; Grossmann 1991). Two 
other works also reported on stimulation of ethylene production in mung bean seed-
lings by common cytokinins (Yu et al. 1981; Yip and Yang 1986), further supporting 
this conclusion. Later, more mechanistic explanation of how cytokinins are involved 
in ethylene biosynthesis was described. It was suggested that low concentrations of 
cytokinin post-transcriptionally increase the activity of aminocyclopropane-1- 
carboxylic acid synthase 4 and 5 by relieving the negative effect of the carboxy- 
terminus of the protein (Vogel et al. 1998; Woeste et al. 1999).

Later works were focused on the effect of TDZ on cotton yield and fibre quality. 
It was reported that TDZ-induced leaf abscission facilitates light penetration which 
in return accelerates the maturity and opening of bolls (Malik et al. 1991), while the 
yield and quality of fibre were maintained (Malik and Din 1997; Malik et al. 2002). 
It was found that the plant developmental stage and weather conditions at the time 
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of application are the major factors that limit the efficiency of a defoliation process. 
The best conditions are when water turgor in leaves is high as well as temperature 
and humidity are high (Cathey 1986). Malike et al. (2002) further specified that the 
atmospheric minimum and maximum temperatures of 16 and 30 °C are the most 
suitable for the defoliation process. In fact, the use of TDZ for the defoliation of 
cotton is the TDZ only currently commercial utilization.

2.6  TDZ, Cytokinins and Ethylene in Plant Development

It had been shown that cytokinins enhanced ethylene production in mung bean and 
cotton seedlings while inhibiting its production in cut flowers. This might seem a 
little confusing; thus, in this part I will explain this contradiction.

All plant tissues can produce ethylene, although the production rate is normally 
very low (Yang and Hoffman 1984). During the life of a plant, ethylene production 
is induced during germination, fruit ripening, leaf abscission, flower opening and 
senescence. Ethylene production can also be induced by wounding, environmental 
stresses and other hormones including cytokinin. Cary et  al. (1995) showed that 
BA-induced inhibition of root and hypocotyl elongation in Arabidopsis seedlings is 
mediated by ethylene. Subsequently, it was demonstrated that exogenously applied 
cytokinin to etiolated Arabidopsis seedlings led to an increased ethylene produc-
tion, and it was suggested that cytokinins increase the activity of the ethylene bio-
synthesis enzymes (Vogel et al. 1998; Woeste et al. 1999). By this mechanism TDZ 
most probably induces the evolution of ethylene in cotton seedlings and leaf drop. 
Interestingly, it was shown that the progress of cotton defoliation is not uniform, 
because young leaves abscise more easily then the mature ones upon TDZ or ethyl-
ene treatment (Suttle 1985). These works provide evidence that ethylene modulates 
some of the cytokinin effects in the early stages of plant development and suggest 
that seedlings and young leaves have higher sensitivity to ethylene. Later, it was 
proposed that the ethylene-induced faster abscission of young over mature cotton 
leaves is primarily a result of the limited abscission-inhibiting effects of auxin in the 
abscission zone of the younger leaves (Suttle and Hultstrand 1991). In other words, 
higher auxin level in mature leaves of cotton inhibited their abscission. The same 
hormonal balance was found in leaves during senescence; the auxin concentration 
declined and tissue sensitivity to ethylene increased (Brown 1997). In addition to 
that, it seems that also different plant species possess different sensitivity to TDZ 
and/or ethylene. It was shown that plants from the Malvaceae family (to which cot-
ton belongs to) are more sensitive to TDZ than, e.g. maize (Zea mays) and soybean 
(Glycine max) (Hodgson and Snyder 1988).

It can be stated that in the early stages of plant development cytokinin-induced 
leaf abscission is mediated by ethylene to which young leaves are more sensitive than 
the mature ones, because of their lower content of auxin. This applies at least to cot-
ton seedlings; however, the situation in other plant species can be different. 
Nevertheless, the statement is consistent with observations showing that the effect of 
ethylene on leaf senescence is under the direct influence of age-related changes 
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(Hensel et al. 1993; Grbić and Bleecker 1995; Jing et al. 2005). Most of the compo-
nents that control age-related changes in leaves are still unclear. Parameters such as 
the photosynthetic capacity of the leaf (Thomas and Howarth 2000) and balanced 
level of cytokinins (Gan and Amasino 1997) seem to play a dominant role in deter-
mining the time to senescence. It was shown that both TDZ and adenine-type cytoki-
nins lower the plant sensitivity to ethylene in mature leaves (Chang et al. 2003; Mutui 
et  al. 2007). In Pelargonium TDZ induced the expression of PhETR1 (a negative 
acting ethylene receptor gene) (Mutui et al. 2007). These results suggest that cytoki-
nins and ethylene possess antagonistic effects in the later stages of plant develop-
ment, including senescence. During leaf senescence, the level of auxins and 
cytokinins is decreasing (Brown 1997; Gan and Amasino 1995) alongside with the 
increasing production of ethylene (Brown 1997; Hunter et al. 1999). This is in accor-
dance with Schippers et al. (2008), who suggested that, while cytokinins are increas-
ing the sink strength of young tissue, ethylene promotes the source strength of old 
leaves. This is also the reason why the application of sucrose lowers ethylene produc-
tion in cut flowers and why the co-application of TDZ and sucrose has synergistic 
effect. Another aspect of this is the fact that in senescence, TDZ and cytokinins actu-
ally do not inhibit the ethylene production in itself but, by delaying the onset of 
senescence, the ethylene production is delayed. In senescence, the primary stimulus 
of ethylene production is not a cytokinin but rather age-related changes preceding the 
senescence. Even though some authors observed an elevated ethylene evolution after 
a TDZ treatment, they always reported that the anti-senescence effect of TDZ was 
prevailing (Macnish et al. 2010; Mutui et al. 2007). These results demonstrate that 
the ethylene role is inferior to the role of cytokinins in senescence.

In summary, while ethylene mediates the plant response to cytokinin in seed-
lings, these two phytohormones have opposite roles in mature and senescent plant 
organs. It should be noted that the plant responses to ethylene vary considerably 
during plant development and between species.

2.7  Conclusion

The aim of this chapter was to review and discuss the current use and potential of 
TDZ in agriculture and the physiological mechanisms behind it and to couple these 
mechanisms with the action of cytokinins. This is because I am strongly convinced 
that the TDZ effects observed so far in many plant species are associated with the 
ability of TDZ to trigger the cytokinin responses through cytokinin signalling com-
ponents. This is apparent from the evidence given in part 1. From other parts of this 
chapter, it is clear that every TDZ effect has been observed also with the use of 
adenine cytokinins. It was further suggested that TDZ owes its high cytokinin activ-
ity to its high chemical stability in plants. This is the reason why TDZ exhibits 
strong and long-lasting effects, when compared to degradable natural cytokinins. 
These unique characteristics were shown to be useful in promoting fruit growth, 
improving life of cut flowers and enhancing stress tolerance and yield of important 
crops. On the other hand, I have to say that it is striking how much effort has been 
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devoted to TDZ utilization in in vitro cultures and the other herein mentioned fields 
in comparison with the lack of studies regarding the use of TDZ on our main agri-
cultural crops. The latter represents a large gap in the present knowledge, which 
should be covered in the near future to the benefit of all.
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Abstract
Thidiazuron (TDZ) possesses a unique property to stimulate both the auxin- and 
cytokinin-like activities to induce in vitro morphogenesis pathways in the differ-
ent explants of many species. An additional advantage of TDZ in low concentra-
tions for many recalcitrant woody species in comparison to common amino 
purine cytokinins is a higher efficiency in overcoming monopodial growth habits 
by stimulating the axillary shoot development in in vitro culture. The application 
of TDZ for in vitro woody tissue culture inducts the wide range of morphological 
reactions including somatic embryogenesis and shoot organogenesis followed by 
root organogenesis, which occurs directly or through callus formation. These 
responses suggested that TDZ-induced regeneration systems could be used as the 
models for studying the fundamental aspects of plant biology and better under-
standing the developmental pathways. Despite the progress of recent biochemi-
cal, physiological, and molecular researches of TDZ effect on plant regeneration 
through organogenesis and somatic embryogenesis, the data on chronological 
sequences of morphological events are still limited. The abnormality formation 
of de novo structures is known to be undesirable side effect of TDZ. Therefore, 
the morpho-histological approach based on the observation of developmental 
route under TDZ at microscopic level and detailed histological analysis is neces-
sary to reveal the type of morphogenic response (organogenic or embryogenic), 
improve the regeneration efficiency, and create systems of large-scale propaga-
tion for woody species. The chapter discusses the data on TDZ-induced regen-
eration systems in various woody tissue cultures analyzed by morpho-histological 
approach as a valuable tool to perform morphogenesis studies.
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3.1  Introduction

Woody plants are extremely important for the world economy as well as for main-
taining and conservation of natural ecosystems. Despite the in vitro propagation 
techniques that have become a reliable and routine approach for large-scale rapid 
herbaceous plant multiplication, many woody species still remain recalcitrant to 
micropropagation due to inherent slow-growing nature and low regeneration poten-
tial. However, mass clonal propagation of elite varieties along with the accelerated 
tree improvement programs using genetic transformation approach is necessary to 
meet growing demands for forest products and reforestation as well as for applica-
tion in tree breeding (Tzfira et al. 1998).

Breakthrough innovations in the woody plant micropropagation have been made 
by using thidiazuron (TDZ) as a plant growth regulator (PGR) in culture media 
(Huetteman and Preece 1993). As synthetic cytokinin, TDZ is known to induce 
higher regeneration rates in the comparison to purine-based cytokinins and also 
demonstrate the ability of fulfilling both the cytokinin and auxin requirements of 
regeneration responses in a number of woody plants (Jones et al. 2007). To under-
stand the events involved in vitro wide range morphogenic responses in the pres-
ence of TDZ, detailed studies using light and electron microscopy are required. 
Although, morpho-histological observations have been carried out for evaluating 
the effect of both cytokinins and auxins on the cellular development patterns includ-
ing somatic embryogenesis (SE) and de novo organogenesis, it is worth noting that 
not all findings can be applied to TDZ due to the complicated mechanism of its 
action. Furthermore, physiological disorders in regenerants induced by plant growth 
regulators including TDZ are better revealed using the microscopic systems (Bairu 
and Kane 2011).

This review aims to analyze of wide range TDZ-induced morphogenic responses 
in various woody plant cultures on the base of microscopic investigations providing 
deep insights into in vitro plant development.

3.2  In Vitro Morphogenesis of Woody Plants

3.2.1  Fundamental Aspects and Theories

Morphogenesis is an array of processes of cell differentiation during the develop-
ment of multicellular organism which is regulated at the cellular, tissue, and organ-
ism levels (Butenko 1999). The study of  in vitro morphogenetic pathways is of 
a particular interest, since the absence of control at the organism level and the use of 
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growth regulators allow obtaining a wide range of morphogenetic reactions neces-
sary for modeling of in vivo plant development processes (Zhuravlev and Omelko 
2008). Although in vitro culture techniques are widely used for many woody spe-
cies, propagating adult woody plants characterized by long life cycle remains diffi-
cult since only juvenile material is employed for tissue culture of the most tree 
species (Ahuja 1993). The development of the accessible model systems in vitro 
also plays an important role in understanding some mechanisms of woody plant 
morphogenesis that are promising for both practical applications as the base for 
large-scale trees propagation and the basic developmental biology.

Among various in  vitro  morphogenic responses, only SE and de novo shoot 
organogenesis followed by root organogenesis result in regeneration of whole plant 
(Phillips 2004). De novo organogenesis is the formation of unipolar structures, 
shoot or root apical meristems resulting in regeneration of adventitious shoot or root 
with vascular connection with maternal explants. Whereas, SE is the multistep pro-
cess forming the bipolar structures that are similar to zygotic embryos. The bipolar 
structures are developed through the characteristic embryological stages from a 
non-zygotic cell without a vascular connection with the original tissue (Hicks 1994; 
von Arnold et al. 2002; Salaj et al. 2005). These major regeneration pathways can 
be realized directly without an intermediate unorganized callus formation or indi-
rectly through a callus stage (Gahan and George 2008).

Using the conception of plant stem cell, some researchers have clarified that 
pluripotency of cells underlies organogenesis, whereas cell totipotency is the basis 
for SE (Verdeil et al. 2007; Atta et al. 2009). In vitro cell cultures can be initiated 
from the explants of either meristematic origin or from the differentiated organs. 
When explants contain cells that have retained the capacity to divide, they reenter 
the cell cycle, and direct initiation occurs. Whereas such predetermined cells are not 
present, explants have to dedifferentiate through cell division before they can form 
meristems (Atta et al. 2009). Consequently, to start a new biological program that 
gives rise to somatic embryos or de novo shoots/roots, the somatic cells undergo 
dedifferentiation or redifferentiation.

According to the developmental model proposed by Christianson and Warnick 
(1985), de novo organogenesis is conceptually divided into three distinct phases 
with different temporal requirements for exogenous phytohormones: (I) somatic 
cells in the explants are dedifferentiated to acquire a competence in response to 
external signals (plant growth regulators or stresses); (II) the competent cells are 
determined under the influence of exogenous plant growth regulators; and (III) mor-
phogenesis occurs independently on the plant growth regulators (Christianson and 
Warnick 1985; Sugiyama 1999).

The sequence of events for SE as a morphogenic processes is frequently described 
as distinct phases as well. Nevertheless, there is no agreement among the authors 
regarding the number of phases and the terminology for each of them. Von Arnold 
et al. (2002) considered five steps in the plant regeneration via SE: (I) initiation of 
embryogenic cultures by culturing the primary explant on the medium supple-
mented with PGRs, mainly auxin but often also cytokinin, (II) proliferation of 
embryogenic cultures on the medium supplemented with PGRs, (III) prematuration 
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of somatic embryos on the medium lacking PGRs, (IV) maturation of somatic 
embryos by culturing on the medium supplemented with ABA and/or reduced 
osmotic potential, and (V) plant development on the medium without PGRs (von 
Arnold et al. 2002). Jiménez (2001) proposed that SE consists of two major distinct 
phases which are independent of each other and are controlled by different factors: 
(I) the initial stage is induction which involves the somatic cells attaining the 
embryogenic state usually by the exogenous application of PGRs; and (II) the fol-
lowing stage is expression, where the newly differentiated embryonic cells develop 
into an embryo without any further exogenous signals. Since in vitro and in vivo 
embryogenesis share high similarities at almost all developmental stages, SE has 
become an attractive model system to study embryogenesis at the molecular, cellu-
lar, and tissue levels (Willemsen and Scheres 2004).

Initiation of both de novo organogenesis and SE is connected with the “compe-
tent” state of somatic cells resulting in their reprogramming followed by realizing 
the de novo developmental fate (Meng et al. 2005). The competence of the cells 
greatly depends on the genetic background, the developmental and physiological 
state of explant, the culture medium, and conditions (Christianson and Warnick 
1985; Yancheva et al. 2003; Vasil 2008). However, the choice of PGRs and their 
concentration is of the most profound effect on reprogramming the somatic cells 
toward organogenic or embryogenic pathways.

3.2.2  TDZ as Bioregulator with Dual Hormonal Activities

The classical experiments of Skoog and Miller carried out 60 years ago have clearly 
demonstrated that the ratio of auxin and cytokinin is the critical factor in triggering 
the in vitro developmental events: an excess of cytokinins over auxins promotes 
shoot formation in callus; auxin excess induces root formation; when the same level 
of auxin and cytokinin is added into the medium, the explant cells proliferate to 
form callus (Skoog and Miller 1957). This discovery is still widely exploited for 
plant micropropagation; however, a new synthetic PGR – TDZ – can be used as a 
substitute for both auxin and cytokinin (Thomas and Katterman 1986; Visser et al. 
1992; Casanova et al. 2004). This TDZ peculiarity is displayed in inducing a wide 
array of in vitro morphogenic reactions including callus formation, initiation of SE, 
adventitious shoot regeneration, and axillary shoot proliferation. Moreover, TDZ is 
able to alter the pathway of morphogenesis from shoot organogenesis to SE in the 
same explant through a change in TDZ concentration (Mithila et al. 2003; Ma et al. 
2011).

TDZ was shown to induce shoot organogenesis on leaf and petiole explants of 
Saintpaulia ionantha at concentrations lower than 2.5 μM, whereas at higher doses 
(5–10 μM) somatic embryos were formed (Mithila et al. 2003). Similar results were 
achieved in cultures of pigeon pea (Dolendro et al. 2003). The redirection of the 
development from shoot organogenesis to SE at higher TDZ (2.5–15 μM) doses 
may have occurred due to the optimum phytohormone balance within the tissue or 
as a result of increased stress imposed by high concentrations of TDZ. However, in 

T. I. Novikova and Y. G. Zaytseva



65

tissue culture of woody plants, the difference between morphogenic responses to 
low and high TDZ concentration is not so unambiguous. The concentration- 
dependent redirection of the development from shoot organogenesis to SE has been 
observed in the studies of regeneration from leaf and shoot explants of Ochna inte-
gerrima, a medicinal and ornamental tree (Ma et al. 2011). The low concentrations 
of TDZ (5.0 μM) could only induce adventitious shoots, whereas a higher concen-
tration of thidiazuron (10.0–15.0 μM TDZ) could induce both SE and adventitious 
shoot formation. At the same time, it was recorded in the development of three dif-
ferent morphogenic responses – direct organogenesis, direct embryogenesis, and 
indirect embryogenesis  – in the cotyledon explants of a medicinal forest tree 
Semecarpus anacardium cultured on woody plant medium (WPM) supplemented 
with the same (9.08 μM) TDZ concentration (Panda and Hazra 2012). Consequently, 
organogenic and direct/indirect embryogenic morphogenic pathways can occur 
simultaneously in the same culture conditions. Thus, TDZ depending on the con-
centration in the induction medium promotes dedifferentiation of explant cells and 
determines the cell fate, which can be realized through organogenesis or SE.

3.2.3  Physiological and Biochemical Basis of TDZ-Mediated 
Responses

The physiological basis of unique TDZ efficiency in the induction of a wide array 
of morphogenic responses either alone or in combination with the other plant growth 
regulators was discussed in many articles and reviews (Huetmann and Preece 1993; 
Murthy et  al. 1998; Murch and Saxena 2001). TDZ application in  vitro culture 
results in modulation of endogenous hormone levels especially auxin/cytokinin 
ratio and exerts significant effects on the morphogenetic pathways (Mok et  al. 
1987). TDZ as a biostimulator with high cytokinin-like activity is known to induce 
the endogenous cytokinin biosynthesis and accumulation (Ruzic and Vujovic 2008). 
Recent studies have indicated that TDZ induces metabolic cascade modifying a 
primary signaling event, accumulation and transfer of various endogenous plant 
signals including the secondary messengers and a concurrent stress response (Elhiti 
et al. 2013).

It was confirmed that the action mechanism of this PGR could be closely linked 
to the biosynthesis and transportation of indole-3-acetic acid (IAA) (Chhabra et al. 
2008). Besides these activities, TDZ can act by modulating the metabolism and 
transport of the other PGRs (ethylene, abscisic acid, and gibberellin) (Murch and 
Saxena 2001). The low TDZ levels (<0.005 μM) induce accumulation of zeatin, 
whereas high concentration (0.5 μM) stimulates isopentenyl adenine activity. This 
fact can clarify the concentration-dependent mode of TDZ. The other mechanisms 
include the modification of cell membranes, energy levels, nutrient uptake, or nutri-
ent assimilation (Casanova et al. 2004). The efficiency of this phenylurea derivative 
may be attributed to its ability to induce a metabolite stress connected with increased 
accumulation of mineral ions, which predispose the plant to stress (Murch et  al. 
1997). TDZ has been shown recently to act through regulation of oxidative stresses 
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by changing superoxide dismutase and catalase enzyme activities in plant cells, 
especially during shoot regeneration or embryo formation (Guo et al. 2017).

Although some progress has been made in the past decades to understand the 
physiological-biochemical basis of TDZ effectiveness in in vitro culture, the chron-
ological sequences of morphological events underlying de novo shoot regeneration 
or somatic embryo development in the TDZ presence are not always clear. To reveal 
the developmental events during morphogenesis, detailed morpho-histological 
analyses are still needed. Such studies allow to regulate and improve each stage of 
these processes efficiently and to use the most appropriate strategies for plant regen-
eration as well as for the selection and validation of the techniques used in genetic 
transformation programs.

3.3  Shoot Production

Most of studies on in vitro multiplication report that cytokinins play a crucial role 
in shoot production. Among cytokinins, TDZ has been reported to be very efficient 
for axillary shoot proliferation and adventitious shoot formation in a wide array of 
woody plants including the recalcitrant species (Huetmann and Preece 1993; Murthy 
et al. 1998; Yancheva et al. 2003).

3.3.1  Axillary Shoot Proliferation

Clonal micropropagation of plants from axillary buds or shoots is the most appro-
priate method of true-to-type in vitro multiplication (Varshney and Anis 2014). This 
approach is based on the natural ontogenetic pathway for plant development from 
preexisting meristems and does not involve the dedifferentiation of cells. Since 
meristems are more resistant to genetic changes than disorganized callus tissues, 
genetic stability is usually observed in the regenerated plantlets, although epigenetic 
alterations may occur (Baránek et al. 2015).

Shoot explants of some woody species are known to demonstrate the naturally 
strong monopodial growth without branching under aminopurine cytokinin treat-
ments (Huetteman and Preece 1993). TDZ application allows to overcome these 
habits by releasing the lateral buds from dormancy (Wang et al. 1986). As a result 
much higher frequency of shoot proliferation was observed in comparison to com-
monly used cytokinins (Thomas and Katterman 1986). Successful shoot prolifera-
tion from axillary or apical meristems of different woody explants including 
seedlings, shoot apexes, cotyledonary nodes, and nodal segments was recorded 
under the treatment of TDZ only or in combination with the other PGRs (Table 3.1). 
TDZ has been shown to have a potent cytokinin-like activity at 50–100 times lower 
concentrations than BA (Genkov and Iordanka 1995). TDZ ability to effectively 
remove an apical dominance is very important in the case of mature genotypes and/
or recalcitrant species exhibiting a strong influence of ontogenetic aging (Durkovic 
and Mišalová 2008). Moreover, this peculiarity is of prime importance for 
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long-term cultures displaying characteristics of a recalcitrant nature since the loss of 
regenerative ability in serially subcultivation is usual for woody plant (Gaspar et al. 
2000). Marriott and Sarasan (2010) have shown that the effect of TDZ on triggering 
axillary shoot proliferation of recalcitrant species Medusagyne oppositifolia was 
stronger than 2-isopentenyladenine (2-iP) and 6-benzylaminopurine (BA). Leucaena 
leucocephala is considered to be highly recalcitrant with low rate of shoot multipli-
cation in in vitro culture (Rastogi et al. 2008). However, Pal et al. (2012) substan-
tially increased the axillary shoot production of this species using very low 
concentration of TDZ (0.26 μM).

The most obvious advantages of TDZ application in woody plant multiplication 
were demonstrated when cytokinins of purine type did not induce shoot prolifera-
tion (Lu 1993). Since the shoots might be susceptible to fasciation and hyperhydric-
ity under high TDZ doses, extremely low ranges of TDZ (1 nM–10 μM), whereas 
the most of other cytokinins are not effective, were recommended for axillary shoot 
proliferation by Huetteman and Preece (1993). Ahmed and Anis (2012) recorded a 
linear correlation between the increase in the concentration of TDZ to an optimal 
dose (5.0 μM) and the number of shoots per explant developed from nodal explant 
of Vitex trifolia. At the same time, the increase of the optimal concentration resulted 
in decrease of regeneration and often was accompanied with undesirable basal cal-
lus and shoots fasciation (Ahmed and Anis 2012). Besides, the increase of TDZ 
level in a nutrient medium entails simultaneous development of axillary and adven-
titious buds (Kim et  al. 1997b; Zaytseva and Novikova 2015). Thus, even when 
culturing explants having the preexisting meristems, a control of the morphogenesis 
process can be realized by varying TDZ concentration inducing either callus forma-
tion, axillary, or adventitious shoot production. This peculiarity undoubtedly 
increases the productivity of such protocols; however, if a clonal fidelity is required, 
the potential somaclonal variants derived from adventitious shoots should be 
avoided by using low TDZ levels. Therefore, for clarifying the origin of shoots 
induced by TDZ, the morpho-histological analysis is needed.

In spite of a large number of these reports, the sufficient histological data are not 
available on morphogenic peculiarities of shoot proliferation (Table 3.1). Morpho- 
histological examination of shoot production from nodal segments of Disanthus 
cercidifolius revealed more active and early development of multiple axillary bud 
primordia after the exposition to 1.34 μM TDZ for 14 days (Fig. 3.1a) in compari-
son to the same treatment duration with 2.2 μM BA (Fig. 3.1c). Thus, the choice of 
optimum TDZ exposition for D. cercidifolius was based on the histological analy-
sis. Almost each of the TDZ-induced axillary buds gave rise to more shoots after 
transferring to MS medium supplemented with 2.2 μM BA for 28 days than under 
BA treatment in the same exposition time (Novikova and Poluboyarova 2013). 
Moreover, the morphology of the shoots was rather different. The shortening and 
fasciation of TDZ-induced shoots of D. cercidifolius were observed (Fig.  3.1b), 
whereas BA-induced shoots were of the usual structure for in  vitro conditions 
(Fig. 3.1d). TDZ is known often to cause the abnormality in shoots structure. This 
aspect will be considered in more detail in Sect. 3.3.

3 TDZ-Induced Morphogenesis Pathways in Woody Plant Culture
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Histological studies indicated de novo shoot origin from actively dividing cells 
located in the axillary bud region of cotyledonary node explants of Cercis canaden-
sis under the combination of TDZ and BA (Distabanjong and Geneve 1997). At the 
same time Menhta et al. (2005) found an interesting pattern of morphogenic devel-
opments around the existing meristem of Tamaríndus índica seedlings. In response 
to 9.08 mM TDZ, the protrusions were initiated from the nodal meristems, which 

Fig. 3.1 Axillary shoot proliferation induced by TDZ and BA in Disanthus cercidifolius nodal 
explants (Novikova and Poluboyarova 2013): (a) longitudinal section of forming buds on MS, 
supplemented with 1.1 μM TDZ at 14 days; (b) axillary shoot induction at 28 days after transfer-
ring to MS, supplemented with 2.2 μM BA; (c) longitudinal section of forming buds on MS supple-
mented with 2.2 μM BA at 14 days; (d) axillary shoot induction at 42 days on the same medium. 
AxB axillary bud proliferation, Lp leaf primordia, Sa shoot apex, Vp vascular bundle

T. I. Novikova and Y. G. Zaytseva
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extended laterally in circles toward the neighboring non-meristemic regions. 
Subsequently, besides axillary meristem proliferation, de novo shoot organogenesis 
was triggered.

3.3.2  Adventitious Shoot Organogenesis

Since de novo shoot organogenesis may occur both through direct and indirect 
route, the morpho-histological analysis of regeneration processes is of great demand. 
For propagation of rare or elite woody plant genotypes, the direct shoot organogen-
esis is more preferable than regeneration through callus to avoid somaclonal varia-
tion and conserve genetic fidelity of the progeny. From the other point of view, 
indirect organogenesis is a major pathway used for genetic transformation of woody 
plants. Since the shoots originating on the explant surface are of a better chance to 
be transformed, the origin of the cells involved in the organogenesis process should 
be detected and identified for development of successful transformation protocols 
(Jose et al. 2014).

De novo shoot organogenesis through direct or indirect ways from leaf, root, 
stem, and other explants culturing on different basal media supplemented with TDZ 
alone or in combinations with other PGRs has been well demonstrated for various 
woody species (Table 3.2). According to these data, the most efficient concentra-
tions of TDZ to induce adventitious shoot formation are varied in a wide range from 
0.5 to 10 μM. Furthermore, the TDZ efficiency can be strengthened using combina-
tion with the other cytokinins and/or auxins. For instance, Sriskandarajah and 
Lundquist (2009) observed synergistic effect of TDZ and BA on direct regeneration 
from leaf and root explants of Hippophae rhamnoides, whereas Kim et al. (1997a) 
found that TDZ efficiency was greatly enhanced in the presence of 2,4-dichloro-
phenoxyacetic acid (2,4-D) in the induction medium. Indole-3-butyric acid (IBA) 
addition reinforced the TDZ-induced de novo regeneration in leaf explants of 
Viburnum dentatum (Dai et al. 2011). At the same time, exceeding the optimal TDZ 
concentrations resulted in the callus formation and triggered the indirect shoot 
organogenesis (Feyissa et al. 2005).

Among various explants the leaf is the most frequently and successfully used for 
de novo shoot regeneration (Table 3.2) and further genetic transformation compared 
to other explants. Leaf cultures are known to serve as a model for studying in vitro 
morphogenesis, because the lack of apical meristems in leaves provides the oppor-
tunity to induce a broad range of morphogenic responses (Lo et al. 1997; Woo and 
Wetzstein 2008; Zaytseva et al. 2016). Exogenous PGRs, in particular the auxins, 
are known to play a principal role in the regulation of morphogenesis from the leaf 
tissues. Since various concentrations of TDZ can influence the endogenous level of 
phytohormones, the same type of explant cells under TDZ can become multi-, 
pluri-, or totipotent, realizing different morphogenetic developmental programs, 
respectively.

Thus, it was shown that the same levels of TDZ could simultaneously stimulate 
direct and/or indirect organogenesis and/or SE (Table 3.2). Various morphogenic 

3 TDZ-Induced Morphogenesis Pathways in Woody Plant Culture
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responses were successfully demonstrated in leaf cultures of Vaccinium angustifo-
lium Ait. (Debnath 2009), Paulownia tomentosa (José et al. 2014), Cydonia oblonga 
Mill. (D’onofrio and Morini 2005). For better understanding the different scenarios 
occurred during in vitro plant regeneration and revealing the origin of de novo struc-
tures, the detailed morpho-histological studies were carried out.

There are few examples of deep histological and morphological examination of 
TDZ-induced de novo organogenesis (Table 3.2). For instance, the study of apple 
shoot organogenesis from leaf explants of cv. Topred was conducted with the help 
of light and scanning electron microscopies (SEM) on the basis of the current con-
cept of tissue competence, determination, and differentiation (Yancheva et al. 2003). 
The authors revealed that cell determination occurred after only 1 day of exposure 
to TDZ with IBA or TDZ with 2,4-D, prior to transfer to hormone-free medium. 
Histological analysis showed that the early shoot developing, appearing on the sur-
face of the explant within 14 days, originated from the epidermal and subepidermal 
cell layers, whereas adventitious shoots arising later developed from de novo inter-
nally formed meristematic centers (Yancheva et  al. 2003). SEM observations 
allowed to reveal the developmental patterns of apple regeneration from the first cell 
divisions to adventitious shoots or globular embryo-like structure in dependence on 
TDZ combinations with IBA or /2,4-D (Yancheva et al. 2003).

Vieitez and San-Jose (1996) observed two pathways of adventitious shoot forma-
tion on the transversally divided expanding leaves of Fagus sylvatica in the presence 
of 4.5 μM TDZ with 2.9 μM IAA. It was found that a part of adventitious buds origi-
nated directly from a small protuberance of parenchymatic tissue produced by the 
subepidermis and bundle sheath cells located in the adaxial part of the main vein. 
However, most frequently shoot bud primordia arose from the meristematic centers 
formed in the callus produced at the cut end of the petiole by parenchymatic cells 
and numerous tracheids (Vieitez and San-Jose 1996).

TDZ-induced in  vitro morphogenesis in Rhododendron leaf cultures demon-
strated species-specific characteristic (Pavingerova 2009; Zaytseva et al. 2016). In 
order to realize outstanding property of TDZ to induce organogenesis and SE in the 
same type of explant with different TDZ concentrations, the experiments were con-
ducted in leaf cultures of R. sichotense and R. catawbiense cv. Grandiflorum 
(Zaytseva et al. 2016). Histological examination provided detailed analysis of the 
differences in regeneration pathways of the genotypes tested, but de novo structures 
formed under TDZ exposure were epidermal-derived in both genotypes. The adven-
titious shoot buds of R. sichotense developed from protuberances (Fig. 3.2) whereas 
shoot organogenesis of R. catawbiense cv. Grandiflorum occurred from embryo- 
like protrusions (Fig. 3.3a, b) at the same TDZ concentration. Consequently, the 
shoot regeneration via direct organogenesis for both genotypes was confirmed.

Epidermal cells of both TDZ-treated leaf and root explants more frequently 
acquired the competence to organogenesis than other tissue cells (Table 3.2). In the 
study of Vinocur et  al. (2000) carried out on Populus tremula roots treated with 
TDZ, the high regeneration capacity of epidermal and subepidermal cells was 
observed. In contrast, in BA or in growth regulator-free media, only the cells in close 
proximity to lateral root primordia redifferentiated to form buds (Vinocur et al. 2000). 
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Fig. 3.2 Histological observations of adventitious buds formation from R. sichotense leaf explants 
under 1.0 μM TDZ exposure (Zaytseva et al. 2016). (a) Cross section through leaf explant at 0 day. 
(b) First cell divisions in adaxial epidermis of leaf explant after 10 days of culture. (c) Protuberance 
formation at the adaxial side of leaf explant at 14 days. (d) Formation of meristematic center and 
vascular system at the protuberance (arrow). (e) Longitudinal section of differentiated bud with 
leaf primordia at 35 days. (f) Formation of multiple leaf primordia at 8 weeks of culture. Ab abaxial 
surface, Ad adaxial surface, Bp bud primordium, Cd cell divisions, E epidermis, Lp leaf primor-
dium, Mc meristematic center, Pr protuberance, Sa shoot apex, Sp shoot primordium, Vb vascular 
bundle
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Nevertheless, the TDZ-treated parenchymal cells of leaf and cotyledon explants 
have been found to be of competence to organogenesis. The epidermal cell layers of 
Hagenia abyssinica leaf explants were intact and the cell divisions appeared to be 
from the inner cells (Feyissa et  al. 2005). At the same time, José et  al. (2014) 
observed a simultaneous dedifferentiation of some subepidermal and inner paren-
chyma cells of Paulownia tomentosa leaf explants. Histological examinations in the 
culture of immature cotyledon of Macadamia tetraphylla revealed that shoot regen-
eration was primarily by organogenesis originating from cell division in the paren-
chyma tissue of explants (Mulwa and Bhalla 2006). Thus, based on the recent 
studies on histological observation during organogenesis, it can assume that the 
most competent cells occur in epidermal and subepidermal layers of leaf or cotyle-
don explants, but in some cases, parenchymal cells of leaf and cotyledon explants 
have been found to be of competence to organogenesis. Consequently, in each 
experiment, the histological examinations of target cell localization are a prerequi-
site for further genetic transformation.

Fig. 3.3 Light microscopy observations of R. catawbiense cv. Grandiflorum leaf culture under 
TDZ exposure (Zaytseva et al. 2016). (a) Meristematic center in adaxial epidermis after 12 days 
exposure to 0.5 μM TDZ. (b) Embryo-like structure formation (arrow) on AM supplemented with 
0.5 μM TDZ at 35 days of culture. (c) Embryo-like structure (arrows) developed under 5.0 μM 
TDZ. (d) Bud development in tissues exposed to 5.0 μM TDZ after 15 weeks of culture. Lp leaf 
primordium, Mc meristematic center, Sa shoot apex, Vb vascular bundle

3 TDZ-Induced Morphogenesis Pathways in Woody Plant Culture
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3.3.3  Some Approaches to Overcome TDZ-Induced 
Abnormalities

The reverse side of TDZ high efficiency in the induction of various morphogenetic 
responses in woody plant tissue culture is the development of different undesired 
anomalies or disorders at cell, tissue, and organ levels. Several physiological and 
developmental aberrations may occur with the plants during the in vitro clonal prop-
agation due to an artificial environment of culture growth conditions of high humid-
ity, low light levels, and hetero- or mixotrophic nutrition (Hazarica 2006). Some of 
the culture-induced abnormalities can become genetic inherited by clonal progenies 
while others are temporary and can be corrected at a later stage (Isah 2015). The 
morphophysiological response to TDZ treatment varies with genotype, explant 
type, ontogeny, and recalcitrance of woody plants. However, TDZ-induced pheno-
type has characteristic features similar to various species of different systematic 
groups (Figs. 3.1b and 3.4e). Such anomalies as the hyperhydricity (Sandal et al. 
2001; Kadota and Niimi 2003; Siwach and Gill 2011; Ahmed and Anis 2012), 
abnormal leaf morphology (Kim et al. 1997a; Sandal et al. 2001), fasciation, and 
reduced elongation (Rai 2002; Gu and Zhang 2005; Parveen and Shahzad 2010) as 
well as inhibition of root development (Lu 1993) occur most often.

Morpho-histological studies allow to reveal the developmental basis of some 
anomalies observed. For instance, some authors consider the fasciation as fusion of 
organs due to the deviation from normal meristematic processes while others sug-
gest that it is the result of transformation of a single growing point into a line (Clark 
et al. 1993). Histological study of Elliottia racemosa morphogenesis detected the 
formation of bud-like clusters, elongated embryo-like protrusions, and shoot-like 
structures produced from the leaf explants under 10 μM TDZ treatment in combina-
tion with 5 μM IAA (Woo and Wetzstein 2008). Some of these structures were 
incapable of new plant regeneration due to such developmental aberrations in the 
structure as a lack of shoot apical meristem or root apex. Panda and Hazra (2012) 
showed that numerous buds were regenerated on the hypocotyls surface of 
Semecarpus anacardium; however, only a few of them differentiated to shoots on 
TDZ-containing nutrient medium. The formation of embryo-like and fused shoot- 
like structures was observed in the leaf culture of Rhododendron catawbiense 
“Grandiflorum” in the presence of TDZ (Zaytseva et al. 2016). Most of these disor-
ders may be connected with nondegradable nature of this urea-based compound due 
to the absence of specific oxidase enzymes in cells that distinguishes TDZ from the 
natural phytohormones. Since physiological and developmental problems arising 
during in vitro propagation may have severe impact on survival of plantlets, the 
optimization of TDZ application protocols is needed to decrease the observed 
anomalies.

There are some approaches to overcome TDZ-induced disorders in in vitro cul-
ture of woody plants (Tables 3.2 and 3.3):
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Fig. 3.4 Morphogenesis of R. catawbiense cv. Grandiflorum in vitro from leaf explants (Zaytseva 
et al. 2016). (a) Formation of embryo-like structures and stunted abnormal shoots at the base of 
leaf after 35 days on AM supplemented with 0.5 μM TDZ. (b) Clusters of short shoots at 45 days 
of culture on AM0 after pulse treatment with 30 μM TDZ. (c) Embryo-like structures (arrow) at 
35 days on AM supplemented with 5.0 μM TDZ. (d) Embryo-like structures (arrow) on brown leaf 
explant after 15 weeks of culture with 5.0 μM TDZ. (e) Shoot clusters after 15 weeks of culture on 
AM with 0.5 μM TDZ. (f) Elongated shoot clusters after 8 weeks culture on AM0. As abnormal 
shoot, El embryo-like structure
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• Decreasing the TDZ concentration in the induction media
• For instance, low TDZ concentrations (0.01–1 μM) are recommended to use for 

nodal explants of woody plants which can activate the existing meristems by 
removing the apical dominance avoiding the formation of callus and adventitious 
shoots at the same time (Shaik et al. 2009; Pal et al. 2012).

• The development of two-step regeneration procedures
• Two-step procedure includes the shoot induction on media, supplemented with 

efficient TDZ concentration followed by cultivation on hormone-free media or 
media containing PGRs (gibberellic acid (GA3), zeatin or BA) for elongation. 
This approach including long cultivation on TDZ-containing media (more than 
4 weeks) and subsequent transferring to hormone-free media has shown to be 
effective in the culture of axillary meristems of Pongamia pinnata (Sujatha and 
Hazra 2008), nodal shoot segments of Embelia ribes (Dhavala and Rathore 2010) 
and Cotoneaster wilsonii (Sivanesan et al. 2011), cotyledons of Semecarpus ana-
cardium (Panda and Hazra 2012), and many other woody plants. Addition of 
GA3 in the elongation media results in overcoming the inhibiting effect of TDZ 
on shoot length of some woody regenerants (Vengadesan et al. 2003; Liu and 
Pijut 2008; Vengadesan and Pijut 2009; Stevens and Pijut 2012; Brijwal et al. 
2015).

• Reducing the time of TDZ exposure on explants
• The pulse treatment and relatively short time exposure to TDZ are used to mini-

mize the adverse effects of this PGR on shoot morphology. The treatment dura-
tion can vary from a few hours using a liquid pulse (Zaytseva et  al. 2016) to 
4 weeks when PGRs are added to a regeneration media (Shaik et al. 2009; Graner 
et al. 2013).

Although two-step regeneration procedures are widely used for in vitro shoot 
production with TDZ application (Tables 3.2 and 3.3), reducing the time of TDZ 
exposure on explants, especially by liquid pulse treatment, seems to be more prom-
ising to cut the production cycle and costs. Besides these main approaches, there are 
various protocols demonstrating the advantage of combining the stages of clonal 
propagation to overcome TDZ-induced abnormalities. De Oliveira et  al. (2017) 
recorded that in leaf cultures of Eucalyptus grandis and E. urophylla the elongation 
phase was not necessary, as the shoots successfully elongated in the rooting medium 
with 2.46  μM IBA.  Similar results were obtained on Sesbania drummondii by 
Cheepala et al. (2004). Supplementation of the culture medium with silicon signifi-
cantly reduced the induction of hyperhydric shoots of Cotoneaster wilsonii 
(Sivanesan et al. 2011). Cold storage for 6–8 weeks stimulated the shoot elongation 
after TDZ treatment of some Rhododendron genotypes (Briggs et  al. 1988) and 
Fagus sylvatica (Cuenca et al. 2000). BA addition to TDZ-containing media resulted 
in decreasing the frequency of anomalies and stimulation of shoot elongation of 
Acer pseudoplatanus (Wilhelm 1999).

T. I. Novikova and Y. G. Zaytseva



85

3.4  Somatic Embryogenesis

Although, shoot production methods using de novo regeneration and axillary buds 
proliferation have been widely applied to in vitro plant propagation, great research 
efforts are focused on the studies of SE as a promising alternative method for large- 
scale multiplication and regeneration of transgenic woody plants (Germana and 
Lambardy 2016). Some advantages of SE over organogenesis are known to include 
the feasibility of single-cell origin and the possibility of automating the mass pro-
duction of embryos in bioreactors and field planting as synthetic seeds (Giri et al. 
2004). Beyond the practical application, SE as a fascinating example of cellular 
totipotency can be used as in vitro model system for basic studies of woody plant 
cell biology and embryo development.

The induction of SE depends on many factors including proper selection of 
explant (juvenile or mature), the culture media, PGRs supplemented, other growth 
substances, and the physical environment (Isah 2016). Among PGRs, 2,4-D was 
shown to be necessary for inducing SE, which could act directly as an auxin or 
modify the content of IAA intracellular, and/or metabolism as “stressor” agent 
(Fehér 2015). Since TDZ is known to be both a stimulator of the accumulation of 
endogenous auxin and stressor, it is actively applied for triggering of direct and 
indirect SE in some woody plants (Table 3.3). Morpho-histological monitoring is 
used to determine the precise events occurring at each stages of SE development 
from the acquisition of embryogenic competence to embryo  converting into 
plantlet.

Various parts of woody plants can be a starting material for in vitro regeneration. 
The age and type of explant and concentration of TDZ play an important role in the 
development of somatic embryos. TDZ-induced SE in culture of immature zygotic 
embryos of Melia azedarach begins with the division of epidermal and subepider-
mal cells (Vila et al. 2003; Panda and Hazra 2012). In addition, the epidermal cells 
were noted to be involved in the initiation of direct SE in Murraya koenigii, whereas 
the indirect SE started with dedifferentiation of the parenchyma cells immediately 
below the epidermal layer (Paul et al. 2011). Vila et al. (2003) examined in detail the 
SE in Melia azedarach using histological analysis. The authors convincingly dem-
onstrated all somatic embryos’ developmental stages under the influence of TDZ as 
bipolar structures with the formation of its own vascular bundles.

It is interesting that TDZ can promote various stages of SE beginning with the 
induction of embryogenic callus formation and ending with the maturation stage of 
somatic embryos (Table  3.3). Generally, the two-step regeneration protocols are 
used in TDZ-induced direct SE by combining some developmental stages. Two 
approaches are employed most often: (1) stages of induction and maturation somatic 
embryos occur on TDZ-containing medium, whereas germination of embryos is 
carried out on hormone-free medium, or (2) conversely, only the induction of SE 
occurs in the presence of TDZ, but as for maturation and germination, the hormone- 
free media are used (Table 3.3). Addition of auxins to the TDZ-containing induction 
media routes SE through an indirect pathway with embryogenic callus formation 
(Li et al. 1998; Baskaran et al. 2015). Therefore, the protocols can consist of two or 
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three stages instead of four or even five when using traditional PGRs. Thus, the use 
of TDZ optimizes the induction and maturation processes as well as reduces the 
production period of somatic embryos since TDZ substitutes for the auxin and cyto-
kinin requirements of SE. Moreover, the induction of SE can be achieved with a 
short TDZ exposure (Visser et al. 1992).

To trigger reprogramming the fate of competent cell was noted to require low 
TDZ levels (from 0.5 up to 10.0 μM) which can simultaneously induce both the 
somatic embryos and adventitious bud formation in some species (Fiola et al. 1990; 
Jones et al. 2007). Furthermore, TDZ alone in range of 5–50 μM can be effective 
enough for embryogenic callus proliferation and SE induction in woody plants (Rai 
and McComb 2002; Ma et al. 2011; Panda and Hazra 2012). The duration of these 
stages is about 4–6 weeks, but current improvement of the technologies is toward 
reducing both the TDZ exposition time and its concentration in a nutrient medium. 
For instance, the induction and maturation of somatic embryos in the culture of 
immature zygotic embryos of Melia azedarach occurred during 6  weeks on the 
same nutrient medium supplemented with 13.62 μM TDZ (Vila et al. 2003). As a 
result, the most of embryos developed well-defined hypocotyl and cotyledons, 
while others showed fused or fasciated hypocotyl structures. However, it was later 
shown the conversion rate was increased by shorting TDZ treatment to 18 days and 
reducing its concentration to 4.54 μM at the stage of SE induction (Vila et al. 2007). 
Nevertheless, many embryos exhibited fused cotyledonary leaves. Ipekci and 
Gozukirmizi (2003) used successfully the 7-day exposure to 10 mg l-1 TDZ for 
inducing SE in the leaf explants of Paulownia elongata. Subsequent removing of 
TDZ from the medium resulted in the maturation, normal growth, and development 
of the embryos into plantlets on hormone-free MS.

As in the case of shoot organogenesis, TDZ can stimulate various morphological 
developmental anomalies in somatic embryos. Moreover, the formation of TDZ- 
induced somatic embryos is often asynchronous (Baskaran et al. 2015). The second-
ary SE often occurred when somatic embryos are formed on de novo structures (Rai 
and McComb 2002; Paul et al. 2011). Abnormal embryos can be with fused margin 
or cotyledon (D’onofrio and Morini 2005; Vila et al. 2007), fused polycotyledons, 
or a single cotyledon (Rai and McComb 2002; Paul et al. 2011). As a result, only a 
few somatic embryos were found to be of typical embryonal bipolarity and regular 
morphology. At the same time some of embryos were of normal morphologically 
but failed to convert into plantlets (D’onofrio and Morini 2005; Panda and Hazra 
2012).

Unfortunately, most studies on SE of woody plants are not accompanied by 
morpho- histological analysis, and therefore, it is difficult to understand exactly the 
nature of some adverse TDZ effects. Moreover, there is a possibility of incorrect 
identification of the morphogenesis pathway. Dobrowolska et al. (2017) conducted 
a histological analysis of the structures regenerating on hypocotyls of mature 
zygotic embryos of Eucalyptus globulus. As a result, the analysis of section series 
revealed organogenic pathways of regeneration in this system. At the same time, 
Pinto et  al. (2002) have early reported about effective embryogenic regeneration 
from zygotic embryos of E. globulus under similar conditions, but the study has 
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been carried out without histological analysis. When leaf explants of Rhododendron 
catawbiense “Grandiflorum” are cultivated on a medium with 5 μM TDZ, the devel-
opment of embryo-like structures was observed; however, histological analysis 
showed the absence of bipolarity and the presence of a common vascular system of 
regenerants and explants (Zaytseva et al. 2016). The embryo-like structures at the 
early stages of development looked like somatic embryos (Fig. 3.4a–d). Moreover, 
the formation of structures similar to secondary somatic embryos was marked. 
These results indicated that regeneration occurred through the direct organogenesis 
rather than SE. Woo and Wetzstein (2008) previously showed that histological eval-
uations of Elliottia racemosa cultures failed to identify true somatic embryo devel-
opment. Although, some globular- and heart-shaped structures were observed 
suggesting the proembryo development, no bipolar structures with defined root 
meristems were detected as would be anticipated in later embryogenic stages of 
development (Woo and Wetzstein 2008). Thus, to confirm the process of SE, a his-
tological analysis should be performed, and protocols of TDZ-induced propagation 
must be carefully evaluated by microscopic examination of adequate numbers of 
serial sections. Therefore, Bassuner et al. (2007) suggested to reevaluate many pub-
lished reports on SE for clarifying the morphogenetic pathway. Moreover, the 
importance of morpho-histological studies of SE has been increasing because of the 
development of methods for plant genetic transformation. It is histological studies 
that can elucidate the question, as for what cells can become embryogenic in order 
to purposefully introduce the necessary genetic constructs into these cells for 
obtaining and multiplying transformed genotypes.

3.5  Concluding Remarks

Nowadays the forest tree genetic transformation and clonal propagation are a highly 
strategic research area (Ravikumar 2001). The genetic engineering or mutagenesis 
techniques would not be successfully achieved, if the basic knowledge underlying 
the morphogenesis processes were not well understood. The studies of localization 
of target cells, where initiation of de novo organogenesis or SE occurs, are of even 
more importance as the necessity of genetic transformation of woody plants has 
been increasingly growing in recent years.

The apparent progress has been made in vitro propagation of recalcitrant woody 
species after establishing the strong cytokinin-like activity of TDZ followed by 
revealing tremendous ability of TDZ to stimulate various morphogenic responses in 
tissue culture. Plant tissue culture techniques coupled with advanced microscopic 
technologies is a modern and powerful tool to insight into the dynamics of plant 
growth and development (Moyo et al. 2015). Despite the benefits of TDZ applica-
tion for induction of in vitro woody plant regeneration, revealing the mode of action 
of TDZ is still a challenge. To clarify the precise mechanism of TDZ effects trigger-
ing different scenarios during in  vitro woody plant regeneration, along with 
physiological- biochemical and genetic researches, the expansion of microscopic 
approaches is required. Besides histological methods, the histochemical and 
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immunocytochemical techniques, demonstrating spatial and temporal changes in 
cells during morphogenesis processes and improving resolving power of micros-
copy, are in extreme demand. This knowledge should be critical both for establish-
ment of efficient protocols for large-scale propagation of woody plants and basic 
developmental biology.
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4Thidiazuron in Micropropagation 
of Aroid Plants

Jianjun Chen and Xiangying Wei

Abstract
Thidiazuron (TDZ) or phenyl-N′-(1,2,3-thiadiazol-5-yl) urea is a synthetic phe-
nyl urea derivative and possesses strong cytokinin-like activity exceeding that of 
most other commonly used adenine-type cytokinins in regulating plant morpho-
genesis. In this article, we devote our attention to the use of TDZ in micropropa-
gation of plants in the family Araceae, commonly known as aroids. This family 
has 3750 recognized species across 114 genera. A large number of genera are 
important ornamental plants, particularly in the foliage plant industry. Some gen-
era are produced for edible roots or used as medicinal plants, and a few others are 
aquatic plants. Aroids are traditionally propagated through cutting, division, rhi-
zomes, or tubers. Vegetative propagation not only carries plant pathogens but 
also significantly slows the speed in the introduction of new cultivars. Our 
research over the years has focused on the development of methods for micro-
propagating aroid plants. TDZ has been shown to be an important plant growth 
regulator for efficient micropropagation of aroid plants via in vitro shoot culture 
and plant regeneration through the route of shoot organogenesis, somatic 
embryogenesis, and protocorm-like bodies (PLBs). Mechanisms underlying 
TDZ-mediated plant regeneration are still largely unknown, but the established 
regeneration systems derived from our work on aroids present valuable models 
for molecular analysis of TDZ-mediated plant morphogenesis.
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4.1  Introduction

Micropropagation is a form of tissue culture that rapidly propagates plants through 
in vitro shoot culture or regenerates plants through shoot organogenesis, somatic 
embryogenesis, and protocorm-like bodies (PLBs). In vitro shoot culture refers to 
in  vitro propagation of plants through repeated enhanced formation of axillary 
shoots from shoot tips or lateral buds cultured on medium supplemented with plant 
growth regulators, primarily cytokinin (George et  al. 2008). There are generally 
four distinct stages involved in shoot culture: culture initiation, shoot multiplication, 
in vitro rooting, and acclimatization (Murashige 1974; Rout et al. 2006).

Micropropagation through plant regeneration rests on the cell theory (Schleiden 
1838; Schwann 1839) and started with Gottlieb Haberlandt’s speculation of the toti-
potency of plant cells near the turn of the twentieth century (Haberlandt 1902). 
Totipotency is a single cell that has the genetic program to grow into an entire plant 
(Hartmann et al. 2002). Shoot organogenesis is the regeneration of plants directly 
from plant tissues or indirectly from callus derived from cells, tissues, and organs 
called explants cultured on artificial medium supplemented with plant growth regu-
lators. In indirect shoot organogenesis, the cultured cells go through dedifferentia-
tion, induction, and differentiation phases to produce plant shoots. Regeneration 
through somatic embryogenesis is a process through which undifferentiated cells 
are induced through the actions of cytokinins and auxins in the culture media to 
become embryogenically determined. When induced cells produce embryos with-
out a callus phase, this is referred to as direct somatic embryogenesis. If cells pro-
duce callus preceding the formation of embryos, this is referred to as indirect 
embryogenesis. PLBs resemble protocorms structurally induced from explants or 
calluses which are composed of many meristematic centers that are able to differen-
tiate into shoots and roots (Jones and Tisserat 1990; Cui et al. 2008).

Plant growth regulators, mainly cytokinins and auxins, play critical roles in both 
shoot culture and organogenesis. Skoog and Miller (1957) were the first to demon-
strate the role of kinetin (6-furfuryladenine) in organogenesis. When the ratio of 
kinetin to auxin was higher, only shoots developed. Whereas when the ratio was 
lower, only roots were formed. Two groups of chemicals are known to have cytoki-
nin activities: the N6-substituted adenine derivatives and certain substituted urea 
compounds. Thidiazuron (TDZ) or phenyl-N′-(1,2,3-thiadiazol-5-yl) urea, a substi-
tuted urea compound, was synthesized by German Schering Corporation for defo-
liation of cotton (Gossypium hirsutum) (Arndt et al. 1976). TDZ is known to have 
cytokinin activity (Mok et al. 1982) and to promote the growth of cytokinin-depen-
dent callus cultures of Phaseolus lunatus (Capelle et al. 1983). The cytokinin activ-
ity of TDZ was reported to be similar to the most active cytokinins of the adenine 
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type (Huetteman and Preece 1993; Murthy et al. 1998). As a result, TDZ emerged 
as an effective growth regulator in cell and tissue cultures in a wide array of plant 
species (Li et  al. 2000; Hosseini-Nasr and Rashid 2002; Yancheva et  al. 2003; 
Matand and Prakash 2007; Guo et al. 2011). This article is intended to review TDZ 
applications in micropropagation of aroid plants and to document the importance of 
this plant growth regulator in improving propagation and production of aroid plants.

4.2  Aroid Plants

The family Araceae, commonly known as aroids, encompasses 114 genera and 
more than 3750 species that are mostly herbaceous either as terrestrial, aquatic, or 
epiphytic (Mayo et al. 1997; Bown 2000). Most are indigenous to the tropics of 
America, Southeast Asia, the Malay Archipelago (Malaysia, Indonesia, the 
Philippines, Papua New Guinea, Singapore, and Brunei), and tropical Africa (Mayo 
et al. 1997). Some species, such as Amorphophallus paeoniifolius, Colocasia escu-
lenta, Cyrtosperma merkusii, and Xanthosoma sagittifolium, are cultivated as 
sources of carbohydrate foods (Chen et al. 2003; Bown 2000) (Table 4.1). Some 
including Arisaema heterophyllum, Pinellia ternata, and Typhoniumi trilobatum are 
important medicinal plants (Mayo et al. 1997; Bown 2000; Chen et al. 2007). A 
large number of them are ornamental foliage plants, such as Aglaonema, Anthurium, 
Dieffenbachia, Epipremnum, Philodendron, Spathiphyllum, and Syngonium (Mayo 
et al. 1997; Bown 2000; Henny and Chen 2003; Chen et al. 2005). This group of 
plants is prized for their beautiful leaf forms, textures, colors, and variegation pat-
terns as well as colorful spathes present in some genera (Chen et al. 2003; Bown 
2000). Ornamental aroids are a major component of the foliage plant industry and 
account for about one-third of total ornamental foliage plant sales in the United 
States (Henny et al. 2004). Ornamental aroids have been widely used as living spec-
imens for interior decoration or interiorscaping because of their ability to maintain 
an aesthetically pleasing appearance under interior low light conditions. Interior 
decoration with ornamental aroids brings beauty and comfort to our surroundings 
and also reminds us of nature (Chen et al. 2005). In addition, ornamental aroids 
grown in interior environments can act as natural humidifiers and have been shown 
to reduce indoor air pollutants (Wolverton et al. 1984; Oyabu et al. 2003).

Aroids were traditionally propagated through vegetative means, such as cuttings 
or divisions (Chen and Stamps 2006). Vegetatively propagated plants are often asso-
ciated with the spread of diseases such as dasheen mosaic virus that can be difficult 
to eradicate by chemical or physical treatment (Hartman 1974) and bacterial wilt 
(Ralstonia solanacearum) carried over through the cuttings of pothos (Epipremnum 
aureum) (Norman and Yuen 1998). Hartman (1974) was the first to report the use of 
micropropagation for producing Caladium bicolor, Xanthosoma sagittifolium, and 
Colocasia esculenta that were free of dasheen mosaic virus. Micropropagation 
decreases greenhouse space needed for stock plant production and provides growers 
with liners (tissue-cultured plantlets grown in cell plug trays) on a year-round basis 
(Chen and Henny 2008). Adoption of in vitro propagation has reduced the wait for 
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new plant introduction and new cultivar release. Using tissue culture methods, a 
new aroid hybrid cultivar can be increased rapidly enough to reach commercial 
production levels within 2–3 years instead of the 5–7 years previously as required 
using traditional cutting or division techniques (Henny and Chen 2003). Furthermore, 
ornamental aroids produced from in  vitro propagated plantlets show desirable 
growth habits when compared to plants produced from traditional propagation 
methods such as cuttings and division. Anthurium, Dieffenbachia, Spathiphyllum, 
and Syngonium often develop multiple basal shoots when grown from in vitro prop-
agated liners and produce finished plants that are fuller and more compact than 
plants produced by other methods (Chen and Henny 2008). As a result of the 
increase of basal shoots, Anthurium and Spathiphyllum produced from in  vitro-
propagated liners usually have more flowers (Henny and Chen 2003). More than 
132 million aroid plantlets were produced annually through micropropagation with 
wholesale values up to 107 million US dollars (Chen and Henny 2008).

Table 4.1 Important genera of aroids, methods of propagation, and their economic use

Genera Common name
Conventional 
propagation Economic value

Acorus Sweet flag Seed or rhizome 
division

Aquatic plants with 
medicinal and aromatic value

Aglaonema Chinese evergreen Cutting or division Ornamental plants
Alocasia Elephant’s ear Rhizome division, 

cutting, seed
Ornamental or edible plants

Amorphophallus Voodoo lily, titan 
arum

Division or seed Ornamental or edible plants

Anthurium Flamingo flower, 
laceleaf

Seed or division Ornamental plants

Caladium Angel wings Root tubers Ornamental plants
Colocasia Taro, cocoyam Corms or root tubers Ornamental or edible plants
Dieffenbachia Dumb cane Stem cutting or division Ornamental plants
Epipremnum Pothos Stem cutting Ornamental plants
Homalomena Homalomena Division Ornamental plants
Monstera Swiss cheese plant Cutting Ornamental plants
Lemna Duckweed Division Aquatic plants
Philodendron Philodendron Cutting or division Ornamental plants
Pinellia Green dragon Bulbils, seeds, tubers Medicinal plants
Spathiphyllum Peace lily Division or seed Ornamental plants
Spirodela Giant duckweed, 

duckweed
Asexual budding, seeds Aquatic plants

Syngonium Arrowhead vine Cutting Ornamental plants
Xanthosoma Arrowleaf 

elephant’s ear
Corms or root tubers Ornamental and edible plants

Zantedeschia Calla lily, arum lily Root tubers Ornamental plants
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4.3  TDZ in Shoot Culture

Micropropagation starts with shoot culture. Amorphophallus rivieri, an aroid, was 
actually the first monocotyledon to be successfully cultured in  vitro (Morel and 
Wetmore 1951). Dasheen mosaic virus was eradicated from C. bicolor, X. sagittifo-
lium, and C. esculenta through in vitro shoot culture (Hartman 1974). Subsequently, 
methods for shoot culture of Alocasia, Anthurium, Dieffenbachia, Philodendron, 
Spathiphyllum, and Syngonium were developed (Henny et al. 1981). The cultures 
were based primarily on MS medium (Murashige and Skoog 1962) supplemented 
with 6-benzylaminopurine (BA), 6-(γ, γ-dimethylallylamino) purine (2iP), or kine-
tin with or without auxins (Hartman 1974; Henny et al. 1981).

Since the discovery of TDZ as a plant growth regulator in the 1980s, TDZ has 
also been used for in vitro shoot culture of aroid plants including Acorus, Aglaonema, 
Alocasia, Amorphophallus, Colocasia, Syngonium, Xanthosoma, and Zantedeschia 
(Table 4.2). Aglaonema is one of the most popular ornamental foliage plant genera. 

Table 4.2 Aroid plants micropropagated through in vitro shoot culture using TDZ as a cytokinin 
in the culture medium

Scientific name Explant Protocol References
Acorus calamus, 
Acorus gramineus

Seedling MS + 4.54 μM TDZ Lee and Han (2011)

Aglaonema var. Cochin Shoot MS + 6.81 μM TDZ or MS + 
6.81 μM TDZ + 13.32 μM BA

Mariani et al. (2011)

Aglaonema ‘Lady 
Valentine’

Node MS + 9.08 μM TDZ + 
2.69 μM NAA

Fang et al. (2013)

Aglaonema ‘White Tip’ 
and ‘Emerald Beauty’

Inflorescence MS + 10 μM TDZ + 5–10 μM 
Dicamba

Yeh et al. (2007)

Alocasia amazonica Corm MS + 2.27 μM TDZ Jo et al. (2008)
Alocasia cadieri Shoot tip MS + 2.27 μM TDZ+ 2.69 μM 

NAA
Han et al. (2004)

Amorphophallus 
muelleri

Shoot MS + 0.91 μM TDZ + 
2.22 μM BA

Imelda et al. (2007)

Colocasia esculenta Meristem Modified MS + 4.54 μM TDZ 
or MS + 0.45 μM TDZ + 
13.32 μM BA

Chand et al. (1999)

Colocasia esculenta Shoot or node MS + 4.09 μM TDZ + 
57.08 μM IAA

Seetohul et al. (2009)

Colocasia esculenta Shoot tip MS + 4.09 μM TDZ + 
8.88 μM BA

Seetohul et al. (2007)

Syngonium 
podophyllum

Node MS + 0.90 μM TDZ + 
4.44 μM BA

Kalimuthu and 
Prabakaran (2014)

Xanthosoma 
sagittifolium

Shoot tip Modified B5 + 2 μM TDZ + 
0.05 μM NAA + 20 μM BA

Sama et al. (2012)

Xanthosoma 
sagittifolium

Shoot tip, 
corm

Modified B5 + 2 μM TDZ + 
0.05 μM NAA

Sama et al. (2015)

Zantedeschia 
albomaculata

Shoot tip, 
tuber eye

MS + 4.54 μM TDZ Chang et al. (2003)
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TDZ at low concentrations (4  μM or lower) induced more axillary shoots of 
Aglaonema ‘White Tip’ than BA at concentrations lower than 10 μM (Chen and Yeh 
2007). The genus Acorus is a perennial hydrophyte used as a medicinal and aro-
matic plant. In vitro shoot culture of two species showed that 17.8 μM BA induced 
5.4 axillary shoots per explants, whereas 4.5 μM TDZ induced 11.0 shoots for A. 
calamus. The same concentrations of BA and TDZ produced 2.7 and 3.9 shoots, 
respectively, for A. gramineus (Lee and Han 2011). Colocasia esculenta, commonly 
known as taro, is an important edible crop throughout the Pacific Islands (Chand 
et al. 1999). Meristems of six cultivars were cultured on a modified MS medium 
supplemented with TDZ. In experiments with the cultivar Niue, explants cultured 
on the modified MS medium with 2.6 μM TDZ grew more vigorously than on the 
medium including BA. Subculture of explants on medium containing 4.3 μM TDZ 
gave a 15–25-fold increase in production of plantlets per 4-week culture period 
compared to a fourfold increase with BA (Chand et al. 1999). TDZ also significantly 
increased the shoot proliferation rate in Alocasia amazonica (Jo et al. 2008).

An important characteristic in shoot culture of aroids is that TDZ concentration 
should be lower than other commonly used cytokinins such as BA and 2iP. High 
TDZ concentration could either reduce multiplication rates or cause phytotoxicity. 
For example, TDZ at high concentrations were shown to inhibit shoot proliferation 
in Spathiphyllum cannifolium (Dewir et al. 2006). Higher concentrations of TDZ (4 
or 20 μM) inhibited shoot elongation of Aglaonema (Chen and Yeh 2007). This 
phenomenon could be attributed to the following reasons: (1) TDZ is a more effec-
tive growth regulator than the commonly used other cytokinins (Preece et al. 1991). 
It has been shown that exposure of plant tissue to TDZ for a relatively short period 
is sufficient to stimulate regeneration (Visser et al. 1992; Hutchinson and Saxena 
1996). Thus, a low concentration should be used for axillary shoot induction. (2) 
TDZ is rather stable in culture medium (Murthy et al. 1998). Radiolabeled TDZ in 
tissue culture remains structurally intact for up to 48 h, suggesting that the intact 
structure is important for its activity (Mok et  al. 1982; Mok and Mok 1985). 
Furthermore, its activity could be the induction of cascade reactions in plant cells 
(Kou et al. 2016; Guo et al. 2017) as TDZ action could be retained even after trans-
fer to fresh basal medium (Capelle et al. 1983).

4.4  TDZ in Shoot Organogenesis

TDZ has been used as a cytokinin for regeneration of plants from 11 aroid genera 
(Table 4.3). Explants used for the regeneration include anther, corm, leaves, peti-
oles, spathe, and stems. Adventitious shoots are predominantly produced through 
callus phase, i.e., indirect shoot organogenesis. There is only one report of direct 
shoot organogenesis, in which adventitious shoots of a Dieffenbachia cultivar were 
induced directly from petiole explants cultured on MS medium. About 15.4% of 
petioles cultured with TDZ at 4.5 μM with 5.4 μM NAA produced buds compared 
to 10.2% of petioles cultured with 4.4 μM BA with 4.5 μM 2, 4-D (2, 4-dichloro-
phenoxyacetic acid) (Orlikowska et al. 1995). This study, however, did not provide 
any details about the claimed direct shoot organogenesis.
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Table 4.3 Aroid plants regenerated through indirect organogenesis with TDZ as cytokinin in the 
culture medium

Scientific name Explant Protocol References
Aglaonema ‘Lady 
Valentine’

Node MS + 9.08 μM TDZ + 2.69 μM 
NAA

Fang et al. (2013)

Aglaonema Inflorescence MS + 10 μM TDZ + 5–10 μM 
Dicamba

Yeh et al. (2007)

Anthurium 
andraeanum

Leaf Modified MS + 1.82 μM TDZ Gu et al. (2012)

Anthurium 
andraeanum

Callus Modified MS + 0.05 μM TDZ Kumari et al. (2011)

Anthurium spp. Leaf Modified MS + 2.27 μM TDZ + 
2.69 μM NAA

Orlikowska and 
Zawadzka (2010)

Anthurium 
andraeanum

Node Modified MS + 0.92 μM TDZ Bhattacharya et al. 
(2015)

Anthurium 
andraeanum

Anther WRM + 4.54 μM TDZ + 
3.33 μM BA

Winarto et al. (2010)

Anthurium 
andraeanum

Half-anthers WT-1 + 2.27 μM TDZ + 
0.05 μM NAA + 4.44 μM BA

Winarto et al. (2011b)

Anthurium 
andraeanum

Half-anthers NWT-3 + 6.81 μM TDZ + 
0.11 μM NAA + 3.33 μM BA

Winarto and da Silva 
(2012)

Anthurium 
andraeanum

Callus NWT + 6.81 μM TDZ + 
1.13 μM 2,4-D + 0.11 μM NAA 
+ 3.33 μM BA

Winarto et al. (2011a)

Anthurium 
andraeanum

Shoot MS + 4.54 μM TDZ or 
44.39 μM BA

Han and Goo (2003)

Colocasia 
esculenta

Corm ½ MS + 4.54 μM TDZ Deo et al. (2009)

Colocasia 
esculenta

Shoot First step: MS + 2 μM TDZ + 
10 μM 2, 4-D

Verma and Cho (2007)

Callus Second step: MS + 5 μM TDZ
Colocasia 
esculenta

Shoot tip ½ MS + 4.54 μM TDZ Du et al. (2006)

Colocasia 
esculenta

Corm First step: ½ MS + 12.67 μM 2, 
4-D

Deo et al. (2010)

Second step: ½ MS + 4.54 μM 
TDZ

Callus MS + 4.54 μM TDZ + 2.26 μM 
2,4-D

Callus MS + 4.54 μM TDZ + 2.26 μM 
2,4-D

Suspension 
cells

MS + 0.45 μM TDZ + 0.23 μM 
2, 4-D

Colocasia 
esculenta

Embryogenic 
callus

MS + 0.45 μM TDZ + 0.23 μM 
2.4 D

Fitriani et al. (2016)

Dieffenbachia 
spp.

Petiole MS + 4.54 μM TDZ + 5.37 μM 
NAA + 4.44 μM BAP + 
4.52 μM 2, 4 D

Orlikowska et al. 
(1995)

(continued)
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Indirect shoot organogenesis has been shown to be an effective way of produc-
ing plantlets. Nyochembeng and Garton (1998) reported that addition of TDZ in a 
culture medium supplemented with dicamba (3,6-dichloro-2-methoxybenzoic 
acid) enhanced callus production from petioles of X. sagittifolium, but subsequent 
adventitious shoot regeneration occurred when the callus was cultured with 
dicamba alone, 2,4-D with kinetin, or dicamba with kinetin. The first detailed 
report on TDZ-mediated indirect shoot organogenesis came from a study from Qu 
et  al. (2002) where adventitious shoots were regenerated from leaf and petiole 
explants of pothos (E. aureum ‘Jade’). Among TDZ, 2iP, and zeatin [6-(4-Hydroxy-
3-methylbut-2-enylamino) purine] tested, TDZ was the best cytokinin for pothos 
regeneration. Regeneration frequencies were 18% and 50% for leaf and petiole 
explants, respectively, on medium containing TDZ and NAA (1-naphthalene acetic 
acid) after only 30 days of culture, and responding explants regardless of leaf or 
petiole explants produced approximately 30 adventitious shoots. Regeneration on 
medium containing either 2iP or zeatin with NAA produced a maximum of four 
shoots during a 50-day culture period. The methods of TDZ-mediated shoot 

Table 4.3 (continued)

Scientific name Explant Protocol References
Dieffenbachia cv. 
Camouflage

Leaf Ms + 5 μM TDZ + 1 μM 2, 4-D Shen et al. (2007a)

Dieffenbachia Leaf Ms + 5 μM TDZ + 1 μM 2, 4-D Shen et al. (2007b)
Dieffenbachia 
spp.

Leaf Modified MS + 5 μM TDZ + 
1 μM 2, 4-D

Shen et al. (2008)

Epipremnum 
aureum

Leaf MS + 5 μM TDZ + 0.5 μM 
NAA

Qu et al. (2002)

Petiole MS + 10 μM TDZ + 0.5 μM 
NAA

Lemna gibba Callus B5 + 4.54 μM TDZ + 0.1% 
sucrose

Li et al. (2004)

Philodendron spp. Stem MS + 2.27 μM TDZ Chen et al. (2012)
Spathiphyllum 
wallisii

Petiole MS + 4.54 μM TDZ + 0.90 μM 
2,4 D

Lakshmanan et al. 
(2011)

MS + 9.08 μM TDZ + 4.52 μM 
2,4 D

Spathiphyllum Petiole MS + 4.54 μM TDZ Orlikowska et al. 
(1995)

Pith MS + 2.27 μM TDZ
Spirodela 
oligorrhiza

Callus WP + 4.54 μM TDZ Li et al. (2004)

Spirodela 
punctata

Callus WP + 2.27 μM TDZ + 4.52 μM 
2,4-D + 26.85 μM NAA

Li et al. (2004)

Syngonium 
podophyllum

Petiole MS + 9.08 μM TDZ + 2.26 μM 
2,4-D

Cui et al. (2008)

Xanthosoma 
sagittifolium

Shoot tip, 
petiole

B5 + MS + 0.045 μM TDZ + 
13.5 μM Dicamba

Nyochembeng and 
Garton (1998)
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organogenesis and plant regeneration were then modified and used for regeneration of 
Aglaonema, Alocasia, Anthurium, Colocasia, Dieffenbachia, Lemna, Philodendron, 
Spathiphyllum, Spirodela, and Syngonium (Table 4.3).

TDZ-mediated indirect shoot organogenesis in aroid plants exhibits the follow-
ing characteristics: (1) Calluses induced are usually nodular-like (Shen et al. 2007a, 
2008), which are different from friable calluses. (2) TDZ is more effective in induc-
tion of callus formation than other cytokinins. In a study of Dieffenbachia, BA, 
N-(2-chloro-4- pyridyl)-N-phenylurea (CPPU), kinetin, dicamba, 4-amino-3,5,6-
trichloro-2pyridinecarboxylic acid (picloram), and TDZ in combination with either 
2,4-D or NAA were used for callus induction. TDZ with 2,4-D induced up to 96% 
of leaf explants to produce callus, while other combinations failed to produce cal-
luses (Shen et  al. 2007a). (3) TDZ alone can induce callus formation. Gu et  al. 
(2012) reported TDZ alone induced callus formation in Anthurium. This could be 
attributed to the fact that TDZ could elicit both auxin and cytokinin responses as 
documented by Murthy et al. (1995), and also TDZ is a highly stable cytokinin and 
is resistant to degradation by cytokinin oxidase (Mok et al. 1987). (4) Medium with 
TDZ usually shortens the time for callus induction and adventitious regeneration 
such as the aforementioned pothos (Qu et al. 2002). (5) Genotypes vary in response 
to TDZ induction. TDZ in combination with 2,4-D was found to be an effective 
combination for Dieffenbachia shoot organogenesis; callus formation frequency 
and shoot numbers per callus were 96% and 6.7 for cultivar Camouflage, but these 
frequencies were 62% and 4.4 for ‘Camille,’ 66% and 0 for ‘Octopus,’ and 52% and 
3.5 for ‘Star Bright’ (Shen et al. 2008). (6) Somaclonal variation could occur in 
regenerated populations. In general, more somaclonal variants are observed in 
plants regenerated via callus phase (Larkin and Scowcroft 1981; Chen et al. 2003). 
Three somaclonal variants were identified from regenerated populations of 
Dieffenbachia ‘Camouflage’ and one from Dieffenbachia ‘Star Bright’ (Shen et al. 
2007b).

4.5  TDZ in Somatic Embryogenesis

Micropropagation through somatic embryogenesis has advantages over both shoot 
culture and organogenesis because a large number of plantlets can be produced and 
it can potentially scale up propagation for bioreactors and produce synthetic seeds 
(Rani and Raina 2000). Somatic embryos are also desirable materials for genetic 
transformation and cryopreservation.

Anthurium andraeanum is the first aroid species that was regenerated through 
somatic embryogenesis (Kuehnle et al. 1992). Leaf explants were cultured on half-
strength MS medium supplemented with kinetin and 2,4-D, and embryo conversion 
occurred and plantlets were produced. Subsequently, plants were also regenerated 
from other Anthurium via somatic embryogenesis when culture medium was sup-
plemented with kinetin and 2,4-D (Matsumoto et al. 1996). The use of 2,4-D alone 
or in combination with other growth regulators was a standard practice for inducing 
somatic embryos from the 1960s to the 1990s (Raghavan 2004). This is attributed to 
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the work of Halperin and Wetherell (1964) who demonstrated that a callus induced 
from any vegetative part of carrot (Daucus carota) cultured on a medium containing 
a high concentration of 2,4-D could form somatic embryos upon transfer to the 
medium with a reduced level of the auxin (Raghavan 2004).

With the recognition that TDZ in combination with 2, 4-D was able to induce 
somatic embryogenesis in the 1990s, such as white ash (Fraxinus americana L.) 
(Bates et al. 1992) and watermelon (Citrullus lanatus) (Compton and Gray 1993), 
TDZ was introduced for inducing somatic embryogenesis in aroids. Somatic 
embryos were induced from S. wallisii Regel ‘Speedy’ when anther filaments were 
cultured on a modified basal medium supplemented with TDZ with 2,4-D (Eeckhaut 
et al. 2004). This protocol (culture media supplemented with TDZ and 2,4-D) has 
been successfully used for inducing somatic embryogenesis of C. esculenta (Deo 
et  al. 2009; Verma and Cho 2007), Dieffenbachia (Shen and Lee 2009), and 
Spathiphyllum ‘Supreme’ (Zhao et al. 2012a) (Table 4.4).

The protocol making 2,4-D a necessary requirement for somatic embryo induc-
tion was changed in aroid plants when Werbrouck et al. (2000) reported that somatic 
embryos could be induced from anther filaments of Spathiphyllum cultured on a 
modified basal medium supplemented with TDZ and NAA. This TDZ and NAA 
combination was further refined by Zhang et al. (2005) in regeneration of E. aureum 
‘Golden Pothos.’ Somatic embryos were directly induced from leaf, petiole, and 
stem explants cultured on MS or MK [MS ingredients in combination with Kao 
medium (Kao 1977) vitamins] medium supplemented with TDZ and NAA (Fig. 4.1). 
The frequencies of explants with embryos and explants with embryo conversion 
were as high as 61%, 89%, and 86% for leaf, petiole, and stem explants. The success 
of the protocols (culture media supplemented with TDZ with NAA) developed by 
Zhang et  al. (2005) in ‘Golden Pothos’ has been modified and used for somatic 
embryogenesis and plant regeneration of Syngonium podophyllum (Zhang et  al. 
2006), Zantedeschia (Duquenne et  al. 2006), and Epipremnum aureum ‘Marble 
Queen’ (Zhao et al. 2012b) (Table 4.4).

TDZ alone can induce somatic embryogenesis in some aroid plants such as 
Colocasia (Verma and Cho 2007). TDZ often induces direct somatic embryogen-
esis in aroids including Epipremnum (Zhang et  al. 2005; Zhao et  al. 2012b), 
Spathiphyllum (Eeckhaut et al. 2004; Zhao et al. 2012a), and Syngonium (Zhang 
et al. 2006). Plant species and explant types affect TDZ-mediated somatic embryo-
genesis. The genotype had no obvious effect on somatic embryogenesis of C. escu-
lenta (Deo et  al. 2009). However, the most effective combination for inducing 
somatic embryogenesis from leaf explants of E. aureum ‘Marble Queen’ was 
4.54 μM TDZ with 1.07 μM NAA, whereas for petiole explants, it was 9.08 μM 
TDZ with 1.07 μM NAA (Zhao et al. 2012b). Furthermore, six times more plant-
lets were regenerated from petiole explants than those of leaf explants in ‘Marble 
Queen’ (Zhao et al. 2012b). Somatic embryogenesis often requires TDZ at rela-
tively higher concentrations than those used for organogenesis. For example, 
somatic embryogenesis of Epipremnum required TDZ concentrations at 4.5 μM or 
higher (Zhang et al. 2005; Zhao et al. 2012b) and above 9.0 μM for S. podophyllum 
‘Variegatum’ (Zhang et al. 2006).
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Somatic embryogenesis, particularly direct somatic embryogenesis, has a low fre-
quency of chimeras and a low probability of somaclonal variation. DNA flow cytom-
etry analysis of randomly selected plantlets of ‘Marble Queen’ regenerated via direct 
somatic embryogenesis showed a single peak, indicating there were no mixoploids 
among the regenerated plantlets (Zhao et  al. 2012a, b). Histological analysis of 
somatic embryos derived from ornamental aroids was also reported (Matsumoto 
et al. 1996; Hamidah et al. 1997; Zhao et al. 2012a). Longitudinal sections of a fully 
mature Anthurium somatic embryo showed clear bipolarity, with both shoot and root 
poles, as well as a continuous procambium and an epidermis (Matsumoto et  al. 
1996). Observation by Matsumoto et al. (1996) showed that somatic embryos of A. 
andraeanum originate within the mesophyll via direct embryogenesis.

Table 4.4 Aroid plants regenerated through somatic embryogenesis with TDZ as cytokinin in the 
culture medium

Scientific name Explant Protocol References
Colocasia 
esculenta

Callus MS + 5 μM TDZ Verma and Cho 
(2007)

Colocasia esculenta Suspension cells MS + 0.45 μM TDZ + 
0.23 μM 2,4-D

Deo et al. (2010)

Dieffenbachia 
‘Tiki’

Male 
inflorescence

½ MS + 2.27 or 4.54 μM TDZ 
+ 18.09 μM 2,4-D

Shen and Lee (2009)

Epipremnum 
aureum

Leaf MS + 4.54 μM TDZ + 
1.07 μM NAA

Zhao et al. (2012b)

Petiole MS + 9.08 μM TDZ + 
1.07 μM NAA

Epipremnum 
aureum

Leaf, petiole MS + 9.10 μM TDZ + 
1.10 μM NAA

Zhao et al. (2013)

Epipremnum 
aureum

Petiole MS + 11.35 μM TDZ + 
2.69 μM NAA

Zhang et al. (2005)

Stem MS + 11.35 μM TDZ + 
2.69 μM NAA

Epipremnum 
aureum

Petiole MS + 11.35 μM TDZ + 
2.69 μM NAA

Wang et al. (2007)

Spathiphyllum 
wallisii

Anther filament BMS + 2.5 μM TDZ + 10 μM 
2,4-D

Werbrouck et al. 
(2000)

Syngonium 
podophyllum

Petiole MS + 11.35 μM TDZ + 
2.69 μM NAA

Zhang et al. (2006)

Spathiphyllum 
‘Supreme’

Leaf MS + 9.08 μM TDZ + 
2.26 μM 2,4-D

Zhao et al. (2012a)

Petiole MS + 4.54 μM TDZ + 
2.26 μM 2,4-D

Spathiphyllum 
wallisii

Ovules BM + 4 μM TDZ + 15 μM 
IMA

Eeckhaut et al. 
(2001)

Syngonium 
podophyllum

Petiole MS + 11.35 μM TDZ + 
2.69 μM NAA

Wang et al. (2007)

Zantedeschia 
hybrids

Anthers MS + 0.22 μM TDZ + 
10.74 μM NAA

Duquenne et al. 
(2006)
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4.6  TDZ-Induced Regeneration Through PLBs

TDZ has been shown to induce PLBs in some aroid plants (Table 4.5). PLBs are 
composed of many meristematic centers that are able to differentiate into shoots and 
roots (Da Silva et al. 2000). Cui et al. (2008) documented that PLBs were formed 
from nodal explants of S. podophyllum ‘White Butterfly’ cultured on MS medium 

Fig. 4.1 Regeneration of Epipremnum aureum ‘Golden Pothos’ from leaf explants through direct 
somatic embryogenesis. Somatic embryos directly appeared from cut end of a leaf explants cul-
tured on Murashige Skoog (MS) medium supplemented with 11.35 μΜ TDZ with 2.69 μM NAA 
(a). Embryos developed or produced secondary embryos and appeared in clusters (b). Embryos 
were well developed structures and easy to separate; an assortment of embryos including globular, 
scutellum, and torpedo stages are presented (c). Somatic embryos were able to convert to shoots 
(d) and produced roots (e), which looked like seedlings (f). Plantlets or seedlings were transplanted 
singly into cell-plug trays and grown healthily in a shaded greenhouse (g)
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supplemented with TDZ and 2,4-D. Adventitious shoots were formed from PLBs 
and roots formed thereafter. A popular opinion about PLBs in orchid propagation is 
that they are somatic embryos. However, PLBs are distinguished from somatic 
embryos by the lack of a single embryonic axis (Norstog 1979). A recent molecular 
analysis of PLBs in Phalaenopsis aphrodite indicated that PLBs do not follow the 
embryogenesis pattern (Fang et al. 2016). Instead, the authors proposed that SHOOT 
MERISTEMLESS, a class I KNOTTED-LIKE HOMEOBOX gene, is likely to play 
a role in PLB regeneration. Thus, PLBs differ from somatic embryos. An advantage 
for propagation through PLBs is that a large number of plantlets (shoots with roots) 
can be regenerated thus enhancing propagation efficiency.

4.7  TDZ Action in Micropropagation

The effectiveness of TDZ in plant micropropagation has been attributed to its high 
level of activity and stability in culture media. However, the mode of action of TDZ-
mediated micropropagation is still unclear. TDZ was considered as a cytokinin for 
its induction of natural cytokinin-like responses. Increases in endogenous auxin, 
ethylene, and abscisic acid (ABA) in peanut were found to be related to TDZ treat-
ment (Murthy et al. 1995; Murch and Saxena 1997). Some evidence suggests that 
the action mechanism of TDZ could be closely associated with the biosynthesis and 
transportation of indole-3-acetic acid (IAA) (Chhabra et al. 2008). Guo et al. (2017) 
proposed that a combination of increased GA3, zeatin, and H2O2 concentration is the 
basis for enhanced shoot morphogenesis in response to TDZ treatment. In a study of 
TDZ-mediated regeneration of rose (Rosa canina L.), TDZ administration affected 
the level of endogenous auxins and cytokinins, converted the cell fate of rhizoid 
tips, and triggered PLB formation and plantlet regeneration (Kou et  al. 2016). 
Nevertheless, molecular mechanisms concerning TDZ-mediated morphogenesis are 
largely unknown. However, the established shoot culture and regeneration methods 
through shoot organogenesis, somatic embryogenesis, and PLBs in aroid plants 
could be valuable systems for further dissecting the molecular basis underlying 
shoot culture and each of the regeneration pathways.

Table 4.5 Aroid plants regenerated through protocorm-like bodies with TDZ as cytokinin in the 
culture medium

Scientific name Explant Protocol References
Anthurium 
andraeanum cv.

Shoot tip-ends MS + 5.0 μM TDZ Gantait et al. (2012)

Syngonium 
podophyllum

Node MS + 9.08 μM TDZ + 1.07 μM 
NAA

Cui et al. (2008)
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4.8  Conclusion

Aroids are economically and environmentally high value crops. Commercial pro-
duction of this group of crops was traditionally limited due to the lack of healthy 
starting materials. It was the application of micropropagation techniques that lead to 
increased commercial availability and production of healthy and disease-free propa-
gules year-round. Aroid plants such as Amorphophallus rivieri were among the first 
reports of plants successfully micropropagated (Morel and Wetmore 1951). Since 
the discovery of TDZ as an effective plant growth regulator, TDZ has been used for 
in vitro shoot culture and for regeneration of aroid plants through shoot organogen-
esis, somatic embryogenesis, and PLBs. Millions of plantlets from Alocasia, 
Aglaonema, Anthurium, Dieffenbachia, Homalomena, Philodendron, Spathiphyllum, 
and Syngonium have been produced. Through our continued research on TDZ-based 
aroid micropropagation, more aroid plants will be in vitro cultured, and more proto-
cols will be developed. With the advance of omics technologies, in combination 
with the developed protocols, the molecular basis for TDZ-mediated regeneration 
will be uncovered in the near future.
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5Use of TDZ for Micropropagation 
of Some Mediterranean Crop Species

Mouaad Amine Mazri, Ilham Belkoura, and Reda Meziani

Abstract
Plant tissue culture is now a widely used technology for many applications. Plant 
growth regulators (PGRs) play an important role in this technology. Auxins and 
cytokinins are by far the most commonly used PGR classes in plant tissue cul-
ture. N-Phenyl-N′-1,2,3-thiadiazol-5-ylurea, also known as thidiazuron or TDZ, 
is a synthetic PGR and a phenylurea derivative with a strong cytokinin-like activ-
ity. TDZ has been successfully used for the micropropagation of several plant 
species and sometimes was reported to be more effective than adenine-based 
cytokinins or to fulfil both the auxin and the cytokinin requirement for in vitro 
growth and differentiation. In this chapter, we will focus on the use of TDZ for 
the micropropagation of six Mediterranean crop species. Thus, we will report 
some findings from past and recent studies in which TDZ was employed for 
in vitro culture and regeneration of Olea europaea L., Citrus spp., Ceratonia 
siliqua L., Punica granatum L., Ficus carica L., and Prunus dulcis Mill. We will 
also highlight the specific action of TDZ depending on its concentration as well 
as the species, the genotype, the explant, and the concentration of the associated 
PGRs.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8004-3_5&domain=pdf
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5.1  Introduction

Thidiazuron (N-phenyl-N′-1,2,3-thiadiazol-5-ylurea; TDZ), is a phenylurea deriva-
tive with a strong cytokinin-like activity. TDZ was first used as a cotton defoliant 
(Arndt et  al. 1976). In 1982, TDZ was reported to have a cytokinin-like activity 
(Mok et al. 1982). Since then, TDZ became widely used in plant tissue culture.

TDZ is a light yellow-crystalline compound highly soluble in ethanol, sparingly 
soluble in water, and soluble to different degrees in various organic solvents (Murthy 
et al. 1998). It has a molecular weight of about 220.25 and does not contain the 
purine ring common to adenine-type cytokinins. Instead, it contains two functional 
groups in its molecule: phenyl and thidiazol (Lu 1993; Murthy et al. 1998). TDZ 
was categorized as cytokinin because of induction of cytokinin-like activity in 
explants (Guo et al. 2011). In some cases, TDZ is more effective than adenine-based 
cytokinins, mainly in the induction of adventitious shoots (Van Staden et al. 2008). 
It was also reported that TDZ might play both auxin and cytokinin roles in in vitro 
multiplication, differentiation, and morphogenesis (Murthy et al. 1998).

It has been reported that TDZ stimulates the production and accumulation of 
endogenous cytokinins as well as the accumulation of phenols, catalase, and peroxi-
dase (Guo et al. 2011; Murthy et al. 1998). In some cases, TDZ was reported to 
induce browning of cultured tissues. For example, in date palm (Mazri 2015). Tissue 
browning in date palm was positively correlated with the high peroxidase activity in 
explants (Meziani et al. 2016). TDZ was also reported to cause alterations in enzyme 
kinetics, which is responsible of morphological changes in TDZ-induced tissues 
(Guo et al. 2011). TDZ was used alone or in combination with other plant growth 
regulators (PGRs) to induce a wide range of morphogenic responses in cultured 
explants. For example, TDZ was used for somatic embryo induction, adventitious 
bud formation, and axillary bud multiplication. TDZ was also used to enhance shoot 
regeneration in many recalcitrant plant species (Pelah et  al. 2002; Schween and 
Schwenkel 2002; Liu et al. 2003; Mithila et al. 2003).

The present chapter reports the findings of several studies examining the effects 
of TDZ on in vitro morphogenesis of some Mediterranean plant species of high 
agro-economic importance, namely, Olea europaea L., Citrus spp., Ceratonia sili-
qua L., Punica granatum L., Ficus carica L., and Prunus dulcis Mill.

5.2  TDZ and In Vitro Morphogenesis

TDZ is involved in several aspects of tissue culture: TDZ has been widely used for 
axillary shoot bud development, and in many plant species, TDZ showed better 
results in terms of axillary bud formation from stem nodes and nodal cutting explants 
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than adenine-based cytokinins. However, many authors reported that TDZ does not 
stimulate shoot elongation (e.g., Rai 2002). It seems also necessary to use an auxin- 
supplemented medium for shoot rooting. Large-scale propagation systems using 
TDZ for axillary shoot bud formation and multiplication were reported in many 
plant species of high economic importance.

TDZ has been mainly used for adventitious shoot bud formation and prolifera-
tion. Various concentrations of TDZ were reported depending on the genotype and 
the explant. Generally, TDZ is very effective in terms of adventitious bud formation, 
even when used at low concentrations. However, its use was not recommended for 
shoot bud elongation (Rai 2002). Sometimes, TDZ was reported to induce adventi-
tious roots in cultured explants (Capelo et al. 2010).

TDZ was also efficient in inducing embryogenic callus and direct somatic 
embryogenesis (Chen and Chang 2006; Ipekci and Gozukirmizi 2003) and was suc-
cessfully used for somatic embryo maturation and germination (Ceasar and 
Ignacimuthu 2010). In plant breeding and genetic improvement programs, TDZ was 
used in protoplast culture. In fact, due to its high organogenic potential, TDZ was 
used as a potent cytokinin for shoot regeneration from protoplasts of various species 
(Böhmer et al. 1995; Tegeder et al. 1995). TDZ was also successfully used to pro-
duce haploid lines (Diao et al. 2009; Li et al. 2013).

5.3  Use of TDZ for Micropropagation of Some 
Mediterranean Crop Species

5.3.1  Olive

Olive (Olea europaea L.) is one of the most ancient cultivated fruit trees in the 
Mediterranean region, where it has a great socioeconomic importance. It is also one 
of the most important agricultural products of the Mediterranean countries and one 
of the most extensively cultivated fruit crops in the world (Conde et  al. 2008; 
Hagidimitriou et al. 2005; Yaman et al. 2000). Olive is mainly propagated by leafy 
cuttings. However, during the last decades, many reports were published using 
in  vitro techniques for rapid propagation of true-to-type plantlets, production of 
disease-free plants, cryopreservation of elite germplasm, and for genetic improve-
ment (Rugini et al. 2011).

TDZ has been evaluated for various genotypes in various regeneration systems 
(Table 5.1). Rinaldi and Lambardi (1998) used TDZ at the concentration of 10 μM 
to evaluate the in vitro germinability of nine olive cultivars and found that TDZ 
significantly improves seeds germinability of cvs. Trillo, Grossolana, and Grappolo 
and positively affects the germination rate by shortening the germination time in 
seven olive cultivars: Moraiolo, Canino, Leccio, Morchiaio, Trillo, Gremignolo, 
and Grappolo. Therefore, these authors suggested to use TDZ to accelerate the 
breakage of dormancy and to shorten the germination time. Perri et  al. (1994a) 
attempted to isolate and culture olive protoplasts from cvs. Dolce Agogia and 
Canino. The protoplasts were isolated from leaf- and petiole-derived calli and 
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cultured on MS (Murashige and Skoog 1962) medium containing 5 mg/L TDZ as 
well as 0.01 mg/L 1-naphthaleneacetic acid (NAA), 0.75% sucrose, and 9% man-
nitol. According to these authors, the cells derived from protoplasts of petiole callus 
were able to divide but failed to proliferate. TDZ has been also used in attempts to 
produce haploid plants from in vitro cultures of olive anthers. Perri et al. (1994b) 
used TDZ at the concentration of 5 mg/L in combination with 0.1 mg/L NAA and 
reported callus proliferation in 12% of cv. Cassanese explants. More recently, 
Ramezani and Shekafandeh (2009) evaluated the effects of various TDZ concentra-
tions on anther culture of olive cv. Conservolea. It was found that the concentrations 
of 5 mg/L TDZ (in combination with 0.5 mg/L NAA) and 7.5 mg/L TDZ induced 
calli (18–20%). In all cases, none of these authors reported the regeneration of hap-
loid plants.

The effect of TDZ on olive propagation through the microcutting technique was 
also evaluated. Zuccherelli and Zuccherelli (2002) used TDZ for large-scale propa-
gation of 50 olive cultivars, with a focus on cv. Moraiolo. These authors used two- 
nodal apical explants and tried to stimulate axillary bud emission on various culture 
media. The use of TDZ at 0.1–1 mg/L resulted in the production of numerous shoots 
and a low callogenesis rate. The rooting and acclimatization phases of this cultivar 
were successfully achieved. In olive cv. Koroneiki, single node explants were cul-
tured on media supplemented with various cytokinin types and concentrations 
(Roussos and Pontikis 2002). The use of TDZ at 0.1–0.2 mg/L induced the maxi-
mum shoot number (approximately 1.5 shoots per original explant), while the con-
centrations ranging from 0.2 to 0.4 mg/L induced significantly higher number of 
nodes per cm of shoot length (3.2 nodes per cm of shoot length) than the other 
cytokinins. TDZ has been also used for the micropropagation of cvs. Arbequina, 
Picual, and Empeltre (García-Férriz et al. 2002). Sprouted nodes derived from uni-
modal explants were cultured on media supplemented with various combinations of 
6-benzylaminopurine (BAP) and TDZ. The highest shoot production was obtained 
on half-strength Rugini olive medium (OM; Rugini 1984) supplemented with 1 μM 
BAP and 1 μM TDZ, with 6.19, 6.07, and 5.85 shoots sprouted per explant in cvs. 
Arbequina, Picual, and Empeltre, respectively. The developed shoots were success-
fully elongated, rooted then acclimatized.

In many other works, TDZ was used for adventitious shoot induction from olive 
explants. Mencuccini et al. (1991) reported shoot regeneration from leaf petioles, 
collected from in  vitro-growing shoots of cv. Moraiolo, on media supplemented 
with various concentrations of TDZ. The use of TDZ alone resulted in 20% and 
10% shoot regeneration on media supplemented with 5 and 20 μM TDZ, respec-
tively. The combination of 2.5 μM NAA and 10 μM TDZ exhibited a shoot regen-
eration rate of 10%. On the other hand, the use of leaf discs did not give any 
regeneration. Mencuccini and Rugini (1993) evaluated the morphogenic capacity of 
petioles, leaf discs, and midribs of several olive cultivars, collected from potted 
greenhouse plants and field-grown and in vitro shoots. These authors reported the 
formation of adventitious shoots only in petioles from in vitro-grown shoots of 
cultivars Moraiolo, Dolce Agogia, and Halkidikis. The highest shoot regeneration 
rate (18.7%) was obtained in cv. Moraiolo on MS medium supplemented with 5 μM 
TDZ. The regenerated shoots were successfully elongated, rooted, and hardened. 
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The shoots showed the same behavior as their mother plant and the same morphol-
ogy. Rugini and Caricato (1995) used TDZ to induce adventitious shoots from peti-
oles of in vitro-grown shoots of cvs. Canino and Moraiolo. The purpose of the study 
was to induce somatic embryogenesis from adventitious shoots developed in vitro. 
These authors reported that the use of TDZ at the concentration of 30 μM, in com-
bination with 0.54 μM NAA resulted in the production of abundant calli as well as 
single shoots or group of 2–3 shoots. These shoots produced several short nodes 
with expanded leaves. In a more recent study, Capelo et al. (2010) used TDZ to 
induce somatic embryogenesis in wild olive tree O. europaea ssp. europaea var. 
sylvestris. Petiole and leaf explants were cultured on media supplemented with dif-
ferent PGRs combinations. The use of OM medium supplemented with 31.78 μM 
TDZ and 0.53 μM NAA formed organogenic calli on petioles, which developed 
roots with a frequency of 36.8%. Bahrami et al. (2010) evaluated the effects of vari-
ous concentrations of TDZ (1.1, 2.2, and 3.3 mg/L) on direct shoot regeneration 
from segments of in vitro leaves and apical and axillary buds of olive cvs. Roghani, 
Zard, and Dezfooli. These authors reported the formation of meristematic protuber-
ances on leaf segments, while shoot regeneration was observed on leaves growing 
on apical and axillary buds of the three olive cultivars. The highest shoot regenera-
tion frequency was observed on OM medium supplemented with 1.1 mg/L TDZ. On 
the other hand, no shoot regeneration was observed on leaf disc explants regardless 
of TDZ concentration. In the Moroccan olive cultivar Dahbia, TDZ was success-
fully used to induce somatic embryogenesis and organogenesis (Mazri et al. 2013). 
Petiole and leaf segments derived from in vitro-grown shoots were cultured in vari-
ous media in order to induce somatic embryogenesis. When leaf segments were 
used as explants, a 4-day induction period in MS/2 medium supplemented with 
30 μM TDZ and 0.5 μM NAA followed by 8 weeks in a PGR-free MS/2 medium 
and then by a transfer to olive cyclic embryogenesis medium (ECO) supplemented 
with 0.25 μM indole-3-butyric acid (IBA), 0.44 μM 6-benzylaminopurine (BA), and 
0.5  μM N6-[2-isopentenyl]adenine (2iP) resulted in somatic embryo formation 
(Fig. 5.1a). The use of petioles resulted in callus formation and shoot bud differen-
tiation (Fig.  5.1b). This same protocol was used by Narváez et  al. (2016), who 
reported embryogenic callus production in two wild olive trees, Stop Vert (from 
shoot apex explants) and Ac18 (from leaf primordia explants).

5.3.2  Citrus Tree

Citrus is the major fruit tree species grown in the Mediterranean region (González- 
Mas et al. 2009). It is also one of the most important fruit crops in the world since 
its cultivated in more than 100 countries in Asia, America, Africa, Europe, and 
Oceania (Carimi and De Pasquale 2003; Sato 2015). It is a genus of high economic 
importance due to the high nutritional and commercial values of its products (Carimi 
and De Pasquale 2003). The high importance of citrus industry suggests the use of 
in vitro techniques to rapidly propagate new and promising genotypes (Carimi and 
De Pasquale 2003).
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Propagation and regeneration systems have been established for many genotypes 
of Citrus using TDZ (Table 5.2). In order to produce haploid lines, Germanà and 
Chiancone (2003) evaluated the effects of TDZ at the concentration of 0.1 mg/L in 
the induction medium on anthers of Citrus clementina cvs. Nules and SRA 63. 
These authors reported that the use of TDZ significantly increases the percentage of 
anthers producing calli and the percentage of those producing embryoids and/or 
embryogenic calli. The haploid embryoids germinated, and the resulting plantlets 

Fig. 5.1 Morphogenic responses to TDZ in olive (Olea europaea L. cv. Dahbia). (a) TDZ-induced 
somatic embryos on leaf segments. (b) TDZ-induced adventitious buds on petiole explants 
(Source: Mazri et al. 2013)

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species



122

Ta
bl

e 
5.

2 
E

ff
ec

t o
f 

T
D

Z
 o

n 
in

 v
itr

o 
m

or
ph

og
en

es
is

 o
f 

ci
tr

us

Sp
ec

ie
s

G
en

ot
yp

e
E

xp
la

nt
T

D
Z

 c
on

ce
nt

ra
tio

n
O

th
er

 g
ro

w
th

 
re

gu
la

to
rs

M
or

ph
og

en
ic

 
re

sp
on

se
R

ef
er

en
ce

C
it

ru
s 

cl
em

en
ti

na
N

ul
es

 a
nd

 
SR

A
 6

3
A

nt
he

rs
0.

1 
m

g/
L

0.
02

 m
g/

L
 2

,4
-D

C
al

lo
ge

ne
si

s 
an

d 
em

br
yo

id
 p

ro
du

ct
io

n
G

er
m

an
à 

an
d 

C
hi

an
co

ne
 

(2
00

3)
0.

02
 m

g/
L

 N
A

A
1 

m
g/

L
 k

in
et

in
0.

5 
m

g/
L

 B
A

0.
5 

m
g/

L
 z

ea
tin

0.
5 

m
g/

L
 G

A
3

C
it

ru
s 

cl
em

en
ti

na
N

ul
es

A
nt

he
rs

2 
μM

0.
1 
μM

 2
,4

-D
E

m
br

yo
ge

ni
c 

ca
llu

s 
pr

od
uc

tio
n 

an
d 

di
re

ct
 

so
m

at
ic

 e
m

br
yo

 
fo

rm
at

io
n

C
hi

an
co

ne
 

et
 a

l. 
(2

00
6)

0.
1 
μM

 N
A

A

5 
μM

 k
in

et
in

4 
μM

B
A

2 
μM

 z
ea

tin
Po

nc
ir

us
 tr

if
ol

ia
ta

 
(L

.)
 R

af
. x

 C
. 

pa
ra

di
si

 M
cF

ad
en

–
N

od
e 

se
gm

en
ts

 f
ro

m
 

br
an

ch
es

 o
f 

ad
ul

t t
re

es
0.

1 
μM

1.
11

 μ
M

 B
A

 1
.1

6 
μM

 
ki

ne
tin

C
al

lo
ge

ne
si

s
Se

n 
an

d 
D

ha
w

an
 (

20
10

)

Po
nc

ir
us

 tr
if

ol
ia

ta
 

L
. R

af
–

T
ra

ns
ve

rs
e 

th
in

 c
el

l 
la

ye
r 

ex
pl

an
ts

1 
μM

0–
10

 μ
M

 b
ap

O
rg

an
og

en
es

is
V

an
 L

e 
et

 a
l. 

(1
99

9)
C

it
ru

s 
m

ac
ro

ph
yl

la
–

T
ra

ns
ve

rs
e 

se
ct

io
ns

 
re

co
ve

re
d 

fr
om

 
se

ed
lin

gs

1 
m

g/
L

–
O

rg
an

og
en

es
is

G
er

m
an

à 
et

 a
l. 

(2
00

8)

C
it

ru
s 

in
di

ca
 T

an
ak

a
–

L
ea

ve
s 

of
 in

 v
itr

o-
 

ge
rm

in
at

ed
 s

ee
ds

0.
01

 m
g/

L
0.

1 
m

g/
L

 N
A

A
O

rg
an

og
en

ic
 c

al
lu

s
L

as
ka

r 
et

 a
l. 

20
09

C
it

ru
s 

au
ra

nt
iu

m
 L

.
–

E
pi

co
ty

ls
0.

05
–0

.2
 m

g/
L

–
C

al
lo

ge
ne

si
s 

an
d 

or
ga

no
ge

ne
si

s
R

ou
ss

os
 e

t a
l. 

(2
01

1)
C

it
ru

s 
si

ne
ns

is
 (

L
.)

 
O

sb
. x

 P
on

ci
ru

s 
tr

if
ol

ia
ta

 (
L

.)
 R

af

–
E

pi
co

ty
ls

1 
m

g/
L

0.
1 

m
g/

L
 N

A
A

O
rg

an
og

en
es

is
G

er
m

an
à 

et
 a

l. 
(2

01
1)

M. A. Mazri et al.



123

were vigorous. Chiancone et al. (2006) investigated the influence of polyamines on 
androgenesis induction in anther culture of Citrus clementina cv. Nules. The anthers 
were cultured on N6 medium (Chu 1978), supplemented with Nitsch and Nitsch 
vitamins (Nitsch and Nitsch 1969) as well as various additives and PGRs, including 
TDZ at 2 μM. These authors reported the production of highly embryogenic calli 
that differentiated into a clump of embryos. In addition, direct embryo formation 
was observed. The embryos showed normal dicot developmental and were success-
fully converted into vigorous plantlets, while secondary embryogenesis was also 
reported.

In order to develop an optimal culture medium for axillary shoot proliferation 
from single node explants of five Citrus genotypes (Rangpur lime, C-35 citrange, 
Troyer citrange, Swingle citrumelo, and Alemow macrophylla), Sen and Dhawan 
(2009) evaluated the effects of various media components and PGR combinations. 
According to these authors, the use of TDZ at the concentration of 100 nM in a 
medium containing BA and kinetin causes hyperhydricity in shoots. In a different 
work, Sen and Dhawan (2010) attempted to develop a micropropagation protocol 
employing node segments from branches of adult trees of Swingle citrumelo 
[Poncirus trifoliata (L.) Raf. x C. paradisi McFaden]. Here again, TDZ at 0.1 μM 
was added to BA (1.11 μM) and kinetin (1.16 μM). The authors reported that TDZ 
resulted in the growth of a compact and undifferentiated mass of callus. However, 
no shoot regeneration was observed.

Van Le et al. (1999) used a combination of BAP and TDZ for high frequency 
in vitro bud regeneration in trifoliate orange (Poncirus trifoliata L. Raf). Transverse 
thin cell layer (tTCL) explants excised from the stem internodes of 1-year-old young 
plants were cultured on MS medium supplemented with various concentrations of 
BAP (1–50 μM) and TDZ (0.1–10 μM). The use of BAP at 25 μM or TDZ at 1 μM 
showed the best results with 87% and 72% of responsive tTCLs and 24 and 15 buds 
per tTCL, respectively. The combination of 10 μM BAP and 1 μM TDZ resulted in 
90% organogenesis and an average of 37 buds per tTCL. Shoots were successfully 
elongated, rooted, and acclimatized, with no phenotypic variation.

Germanà et al. (2008) investigated the morphogenic response in vitro of Citrus 
macrophylla in response to various factors, including PGRs. In this study, 2-mm- 
long transverse sections recovered from seedlings were used as explants. The 
explants were cultured on MS medium supplemented with BAP or TDZ at 1 mg/L 
for shoot regeneration. The use of TDZ resulted in a bud regeneration frequency of 
52.5% and an average number of buds per explant of 1.5.

In Citrus indica Tanaka, the effects of various PGR types and concentrations on 
shoot organogenesis were evaluated. Seeds were germinated in vitro and the leaves 
were used to induce calli. Various concentrations of TDZ (0.005–0.1 mg/L), alone 
or in combination with NAA, were used to induce callogenesis. The incorporation 
of 0.01 mg/L TDZ and 0.1 mg/L NAA in MS medium resulted in high callus forma-
tion rates, up to 93.33%. The produced calli were regenerative and gave rise to 
shoots (Laskar et al. 2009).
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In sour orange (Citrus aurantium L.), Roussos et al. (2011) evaluated the effects 
of various cytokinins at three different concentrations on direct shoot organogene-
sis. Epicotyl explants were cultured on MT (Murashige and Tucker 1969) medium 
for 45 days. The addition of TDZ (0.05, 0.1 or 0.2 mg/L) to the culture medium 
resulted in 10–55% callogenesis, depending on the concentration used. However, 
TDZ resulted in the lowest organogenesis percentage in comparison with the other 
cytokinins. Germanà et al. (2011) evaluated the effects of two cytokinins, BA and 
TDZ, on Carrizo citrange [Citrus sinensis (L.) Osb. x Poncirius trifoliate (L.) Raf] 
organogenesis. Epicotyls (2-mm-long sections) excised from in vitro-derived seed-
lings were cultured on MS medium supplemented with 0.1 mg/L NAA and 1 mg/L 
TDZ or BA. The use of TDZ resulted in the production of 0.8 adventitious buds per 
segment and 0.1 adventitious shoots per segment, with an average length of 5 mm. 
Here again, TDZ showed a lower regeneration efficiency than BA.

In some cases, addition of TDZ to culture medium seems to be extremely  
unfavorable toward shoot formation. For example, in pummelo (Citrus grandis 
L.  Osbeck), Paudyal and Haq (2000) used shoot tips derived from seedlings as 
explants for in vitro shoot proliferation. The explants were cultured on MS medium 
supplemented with various concentrations of TDZ (0.05, 0.2, 0.5, 2.3, or 4.5 μM) or 
BA (0.9, 1.3, 1.8, 2.2, 4.4, 8.9, or 13.3 μM), singly or in combination with NAA (0.5 
or 1.1 μM). In this study, the use of TDZ resulted in tissue browning and high shoot 
mortality. In fact, only 30% of explants survived when TDZ was used at 0.05 μM, 
but their growth and proliferation were very poor. These authors concluded that 
TDZ is not suitable for in  vitro propagation of pummelo. Similar findings were 
reported by Singh and Rajam (2010). These authors attempted to develop an effi-
cient multiple shoot regeneration and rooting system in sweet orange (Citrus 
sinensis L Osbeck, var. Nagpur). Epicotyls derived from in vitro-grown seedlings 
were used as explants and were cultured on MT medium supplemented with various 
carbon sources and PGR combinations. It was reported that shoot emergence and 
development was accomplished under all hormonal treatments except TDZ. In fact, 
regardless of TDZ concentration, its addition to the culture medium resulted in 
profuse callusing, followed by necrosis and death of all the explants.

5.3.3  Carob

Carob (Ceratonia siliqua L.) belongs to the family Fabaceae. It is native to the 
Mediterranean basin and has spread into areas of Mediterranean-like climate of 
America, Africa, Asia, and Australia (Müller et al. 2010; Pérez-García 2009). Carob 
is an economically and ecologically important species due to its multipurpose uses: 
it is used for human and animal consumption, for food production, in xerogardening, 
to produce charcoal and bioethanol, in pharmaceutical industry, as a natural food 
additive, as a natural antioxidant, as an ornamental plant, and for the forestation of 
areas threatened by soil erosion and desertification (Cavallaro et al. 2016; Gunes 
et al. 2013; Pérez-García 2009). The carob tree can be male, female, or hermaphrodite. 
The female genotypes are the most important commercially (Patarra 2009).
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The commercial propagation of carob using the conventional techniques is dif-
ficult to achieve. The use of in vitro techniques would be of great interest. Up to 
now, only few studies were devoted to carob micropropagation.

Few reports on the use of TDZ in in vitro culture of carob have been reported 
(Table  5.3). TDZ has been evaluated for haploid plant production in carob tree 
(Custòdio et al. 2005). Anthers of male carob trees were cultured on MS medium 
supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) and various types and 
concentrations of cytokinins, including TDZ.  It was found that TDZ is the most 
effective cytokinin for callus induction, especially when used at 4 mg/L in combina-
tion with 0.5 mg/L 2,4-D. This combination resulted in a callogenesis rate of 100% 
and a haploid cell production rate of 17.2%. However, plant regeneration was not 
achieved.

TDZ has also been suggested for in vitro shoot multiplication of female carob 
trees. Mohamed et al. (2009) used cotyledon node explants for multiple shoot pro-
duction and reported that TDZ at the concentration of 0.1 mg/L resulted in a shoot 
formation rate of 45% and the production of 1.11 shoots per cotyledon node, while 
1 mg/L TDZ exhibited a shoot formation rate of 42.11% and the production of 2.12 
shoots per cotyledon node. Zaen El Deen et al. (2014) found that the combination 
of 0.4 mg/L NAA and 0.25–2 mg/L TDZ resulted in 1–1.67 shoots per explant with 
lengths of 0.2–1.1 cm and 1–1.2 shoots per explant with lengths of 0.56–0.94 cm, 
in shoot tips and stem node segments collected from 2-month-old seedlings, 
respectively.

Saad and Elnour (2010) tried to induce callus from hypocotyledons and cotyle-
donary leaves excised from 2–4-day-old seedlings of carob. The incorporation of 
TDZ in the culture medium at 0.1–1 mg/L induced up to 100% callogenesis. The 
produced calli were morphologically different depending on TDZ concentration 
and explant type, and small green leaves could be regenerated from these calli.

5.3.4  Pomegranate

Pomegranate (Punica granatum L.) is a high-value fruit crop species that belongs to 
the family Punicaceae. It is native to the Himalayas, from northern India to Iran, but 
has been cultivated in the Mediterranean region since ancient times (Bhandary et al. 
2012; Saad et al. 2012). Pomegranate has a wide therapeutic potential against vari-
ous diseases including cancers, cardiovascular diseases, and diabetes, among others 
(Bhandary et al. 2012).

Only few studies have been published using TDZ for the micropropagation of P. 
granatum L. (Table 5.4). Al-Wasel (1999) cultured nodal segments of pomegranate 
cv. Al-Belehi on MS medium containing NAA in combination with various concen-
trations of TDZ (0.3–0.6 mg/L). Few shoots (0.12–0.87; 0.24–2 mm length) were 
produced in media supplemented with TDZ alone, and calli formation was observed 
(up to 6.07 mm diameter). The combination of NAA and TDZ showed 0.14–0.5 
shoot formation, with a shoot length varying from 0.21 to 0.83 mm and a callus 
diameter ranging from 2.5 to 3.69 mm. For shoot proliferation, the combination of 
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0.1 mg/L NAA and 0.5 or 1.5 mg/L TDZ showed the highest number of shoots 
(2.5), with a shoot length of 9 and 7 mm, respectively. Naik et al. (1999) compared 
the effects of various cytokinins at different concentrations on bud break and shoot 
proliferation of cv. Ganesh using nodal segments excised from a mature tree. The 
use of TDZ at 0.05, 0.1, and 0.5 mg/L showed 63%, 52%, and 37% bud break, 
respectively, an average of one shoot produced per explant, and shoot lengths of 3.6, 
3.2, and 2.1 cm, respectively. Golozan and Shekafandeh (2010) evaluated the effects 
of various types and concentrations of cytokinins on shoot proliferation from nodal 
segments (2.0–2.5 cm length, two lateral buds) of cv. Rabbab. The use of TDZ at 
0.001–0.3  mg/L exhibited an average of 0.9 shoots per explant with an average 
length of 0.9 cm.

Kanwar et  al. (2010) tried to induce shoot organogenesis from cotyledonary 
explants (excised from in vitro germinated seedlings) and zygotic embryos of wild 
pomegranate using TDZ. Cotyledon- and hypocotyl-derived calli were subcultured 
on media containing various PGR combinations. The use of TDZ at 3–9 μM resulted 
in the production of 2.25–4.05% organogenic calli and 0.82–1.22 shoots per callus 
clump. According to these authors, TDZ was not the most effective PGR for organo-
genic callus production and plant regeneration.

TDZ has been also used to induce somatic embryogenesis in pomegranate. 
Khalilsaraie et  al. (2015) cultured petal segments and filaments derived from 
unopened flower buds of cv. Ganesh on media supplemented with various PGRs, 
including TDZ. According to these authors, the callus induction rate reached 100% 
in petal segments cultured on MS medium supplemented with 0.5 mg/L TDZ, while 
it was only 41.2% on the same medium but from filaments. These authors reported 
the production of embryogenic callus on media supplemented with indole-3-acetic 
acid (IAA) in combination with TDZ, and that TDZ was responsible for the growth 
of greenish, highly nodulated masses of embryogenic calli. Node segments col-
lected from mature plants of the same cultivar were also used to induce somatic 
embryogenesis (Khalilsaraee and Meti 2016). A callus induction rate of 78% was 
observed when the culture medium was supplemented with 1 mg/L TDZ. The pro-
duced calli were compact, yellowish green, and nodulated with globular somatic 
embryos and secondary embryogenesis activity. TDZ has also been used in the ger-
mination medium, alone or in combination with IAA. When TDZ was used alone 
(0.1–0.2 mg/L), the percentage of somatic embryo germination ranged from 5% to 
8%, with 0.4–0.8 germinating embryos per callus. When TDZ was combined with 
IAA, better results were reported: the germination frequency ranged from 15% to 
27%, and the mean number of germinated embryos per callus ranged from 1.8 to 3.2.

5.3.5  Fig

Fig (Ficus carica L.) is a fruit tree native to Persia, Asia Minor, and Syria and has 
been distributed throughout the Mediterranean area (Flaishman et al. 2008). It is one 
of the oldest cultivated fruit trees in the world, and it is an important crop for dry and 
fresh consumption due to the high nutritional value of its fruits (Dueñas et al. 2008; 
Mars 2003).
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In fig, TDZ has been mainly used for adventitious bud induction and shoot pro-
liferation (Table 5.5). In cv. Masui Dauphine(Yakushiji et al. 2003), leaf segments 
derived from in vitro shoots were cultured on MS medium supplemented with vari-
ous concentrations of 2,4-D (0–5  mg/L), phloroglucinol (0–1  mM), and TDZ 
(0–5 mg/L). In this study, callogenesis was reported after 2 weeks of culture, while 
organogenesis (adventitious bud formation) was observed after 4 weeks of culture. 
The highest percentage of adventitious shoot bud formation was 22.5% (1.8  shoot/
explant) and was reported when the medium was supplemented with 1 mg/L 2,4-D, 
1 mg/L TDZ, and 0.5 mM phloroglucinol, whereas the highest number of shoot 
buds produced per explant was 2.5 and was observed in the medium containing 
0.5 mg/L 2,4-D, 0.5 mg/L TDZ, and 0.5 mM phloroglucinol (9.8% organogenesis). 
The use of 2,4-D alone stimulated root formation. The excised shoots were rooted 
successfully, and the regenerated plantlets were established in soil after acclimatiza-
tion. Yancheva et al. (2005) attempted to develop an in vitro regeneration system 
through organogenesis that allows Agrobacterium-mediated transformation in two 
fig cultivars, Brown Turkey and Smyrna. These authors used leaves isolated from 
in vitro shoot cultures and evaluated the effects of various PGR types and concentra-
tions as well as sucrose concentration and leaf surface position. They reported an 
organogenesis frequency of up to 100% with more than five shoots per regenerating 
explant on MS medium supplemented with 2 mg/L TDZ and 2 mg/L IBA. The use 
of TDZ alone resulted in explant expansion and compact calli formation, with very 
low shoot regeneration. Kim et al. (2007) reported adventitious shoot regeneration 
in seven fig cultivars. Leaf segments collected from apical buds of in vitro-grown 
plants were cultured on MS medium supplemented with various combinations of 
auxins and cytokinins, including TDZ. A relatively high frequency of callus induc-
tion was obtained with 2 mg/L 2,4-D and 0.1–0.5 mg/L TDZ, while the combination 
of IBA and TDZ showed high callogenesis rates: at 0.5 mg/L IBA and 0.5 mg/L 
TDZ, the callogenesis rate was 78.6%, while it was 82.1% when 1 mg/L TDZ was 
used. The respective frequencies of shoot regeneration were 78.6% and 67.9%, with 
3.9 and 3.1 shoots per explant, respectively. In addition, these authors wounded the 
surfaces of leaf explants then placed them on media supplemented with combina-
tions of IBA and TDZ. This resulted in high shoot proliferation: when 2.0 mg/L IBA 
was combined with TDZ (0.5–2 mg/L), high frequencies of shoot regeneration were 
observed, ranging from 28.6% to 92.9%, with an average number of shoots per 
explant up to 10.8. The regenerated shoots were successfully rooted and acclima-
tized. Dhage et  al. (2012) used leaf and petiole explants obtained from in vitro- 
established shoots of four fig genotypes to induce organogenesis. The use of TDZ at 
2 mg/L in combination with 4 mg/L 2iP resulted in 100% callogenesis in petioles 
and 85.8% callogenesis in leaves of Brown Turkey. This was followed by the emer-
gence of shoots with a frequency of 21.4%. In a different study, calli derived from 
tender leaves of cv. Poona Fig were used for shoot regeneration (Dhage et al. 2015). 
The calli were cultured on MS medium supplemented with various PGRs combina-
tions. The use of 7 mg/L TDZ in combination with 0.25 mg/L NAA gave the highest 
percentage of shoot induction (82.7%) with an average number of shoots per explant 
of 2.8 and an average shoot length of 20.2 mm. Higher concentrations of TDZ or its 
combination with 2iP did not increase the shoot induction frequency.

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species
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TDZ has been used also for somatic embryogenesis and genetic transformation 
of fig cv. Sultani (Soliman et  al. 2010). TDZ was employed to produce shoots 
through indirect and direct somatic embryogenesis. In the first case, leaf-derived 
calli were used, while in the second case, leaves were removed from in vitro-cul-
tured plants and used as explants. Here again, the combination of 7 mg/L TDZ and 
0.25  mg/L NAA showed very interesting results with 79% of explants forming 
shoots, a mean number of 5.25 shoots per explants, and an average shoot length of 
1.75 cm. Concerning the direct formation of shoots, up to 89% shoot formation was 
observed on MS medium supplemented with 2 mg/L TDZ and 4 mg/L 2iP, with a 
mean number of 2.6 shoots per explant.

5.3.6  Almond

Almond (Prunus dulcis Mill.) is a major tree nut crop that belongs to the Rosaceae 
family. Almond is native to the Mediterranean region and cultivated mainly in the 
Mediterranean countries and the USA (Ferrandez-Villena et al. 2013; Maestri et al. 
2015). It is the most popular edible nut and a good source of vitamin E, sterols, and 
flavonoids, which has a good effect on human health (Bolling et al. 2010).

In almond, TDZ has been used to induce adventitious shoots from different types 
of explant (Table 5.6). Miguel et al. (1996) cultured leaves of cv. Boa Casta, excised 
from in vitro cultures of juvenile and adult material, on media supplemented with 
various PGR combinations. TDZ was used at different concentrations (0.45–
22.71 μM) in the induction medium, in combination with IBA (0.049–4.9 μM), IAA 
(0.057–5.71 μM), 2,4-D (0.045–4.52 μM), or NAA (0.054–5.37 μM). Leaf explants 
of juvenile origin yielded higher regeneration rates than leaves of adult origin. The 
highest adventitious shoot regeneration rate (40%) was achieved from juvenile 
explants on the medium containing 6.81 μM TDZ, 2.85 μM IAA, and 0.045 μM 
2,4-D. The medium containing a combination of 9.08 μM TDZ and 2.46 μM IBA 
induced adventitious shoots from both adult and juvenile leaf explants, with rates of 
25% and 38.2%, respectively. When BA was used instead of TDZ, no adventitious 
shoots were induced. Costa et al. (2007) used an almond line derived from in vitro 
seed germination of cv. Boa Casta. Leaves obtained from micropropagated shoots 
were cultured on MS medium supplemented with 1.5 mg/L TDZ, 0.5 mg/L IAA, 
0.01 mg/L 2,4-D, and 150 μM acetosyringone. This medium resulted in the produc-
tion of a high number of adventitious shoot buds. In a different study, leaves of 
micropropagated shoots of cultivars Ne Plus Ultra and Nonpareil were excised and 
cultured on media supplemented with various PGR combinations (Ainsley et  al. 
2000). The use of TDZ at the concentration of 22.7 μM, in combination with 9.8 μM 
IBA and 0.1% casein hydrolysate, resulted in the highest regeneration frequency 
(44.4%) in cv. Ne Plus Ultra, with a mean number of 3.4 shoots per leaf section. The 
highest regeneration frequency (5.5%) in cv. Nonpareil was observed when 6.8 μM 
TDZ was combined with 9.8 μM IBA and 0.1% casein hydrolysate. These same 
cultivars, as well as cvs. Carmel and Parkinson, were used by Ainsley et al. (2001) 
to induce shoot buds. Immature seed cotyledons were cultured on MS medium 

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species
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supplemented with various PGR combinations. In cv. Ne Plus Ultra, the use of TDZ 
alone at the concentration of 20 μM resulted in the highest regeneration rate (93.3%). 
In cv. Carmel, up to 100% regeneration rate was observed when TDZ was used at 
10 μM.  In cv. Nonpareil, the concentrations of 1 and 20 μM TDZ resulted in a 
regeneration rate of 80%, whereas in cv. Parkinson a regeneration rate of 86.7% was 
obtained on media supplemented with 10 and 20 μM TDZ. With the highest level 
(20 μM) of TDZ, shoot elongation was inhibited and the incidence of shoot hyper-
hydricity was increased. The number of shoots per cotyledon ranged from 10.7 to 
15.1. Choudhary et al. (2015) used dormant axillary buds of various almond culti-
vars as explants. The explants were cultured on media supplemented with various 
concentrations of PGRs. The use of TDZ at a concentration ranging from 0.01 to 
1 mg/L resulted in a shoot induction rate ranging from 10% to 40%.

5.4  Conclusions

The presented chapter leads to the conclusion that TDZ might play various roles in 
in  vitro morphogenesis and plant regeneration. In fact, since the late 1980s, the 
published reports in this research area have confirmed the significant role of TDZ in 
plant tissue culture. In many cases, TDZ was used alone as a PGR supplement in the 
culture medium. Indeed, there are several reports that suggest that TDZ may not 
only act as a cytokinin but that it may play both auxin and cytokinin roles. The 
review of the literature presented in this chapter indicates that TDZ has been used 
mainly for adventitious bud formation and shoot bud proliferation. Nevertheless, its 
effect varies considerably depending on the species and even on the genotype. It 
differs also with the concentration used and the associated PGR. On the other hand, 
reports that highlight the negative effects of TDZ are also available. For instance, in 
some specific cases, the use of TDZ resulted in tissue browning which leads to death 
of the explants. As regards the six Mediterranean plant species concerned by this 
review, it may be concluded that TDZ was successfully used for various purposes: 
adventitious organogenesis, somatic embryogenesis, protoplast culture, haploid 
plant production, and axillary shoot bud formation and development. This high-
lights again the various roles and applications of TDZ in in vitro morphogenesis and 
plant regeneration.

References

Ainsley PJ, Collins GG, Sedgley M (2000) Adventitious shoot regeneration from leaf explants of 
almond (Prunus dulcis mill.) In Vitro Cell Dev Biol Plant 36:470–474

Ainsley PJ, Hammerschlag FA, Bertozzi T, Collins GG, Sedley M (2001) Regeneration of almond 
from immature seed cotyledons. Plant Cell Tissue Organ Cult 67:221–226

Al-Wasel ASA (1999) In vitro clonal propagation of “Al-Belehi” pomegranate (Punica granatum 
L.) J King Saud Univ 11:3–14

Arndt FJ, Rusch R, Stilfried HV (1976) SN 49537, a new cotton defoliant. Plant Physiol 57:99

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species



134

Bahrami MK, Azar AM, Dadpour MR (2010) Influence of thidiazuron in direct shoot regeneration 
from segments of in vitro leaves, and axillary and apical buds of olive (Olea europaea). Acta 
Hortic 884:383–389

Bhandary SK, Kumari SN, Bhat VS, Sharmila KP, Bekal MP (2012) Preliminary phytochemical 
screening of various extracts of Punica granatum peel, whole fruit and seeds. J Health Sci 
2:34–38

Böhmer P, Meyer B, Jacobsen HJ (1995) Thidiazuron-induced high frequency of shoot induction 
and plant regeneration in protoplast derived pea callus. Plant Cell Rep 15:26–29

Bolling BW, Dolnikowski G, Blumberg JB, Chen CYO (2010) Polyphenol content and antioxidant 
activity of California almonds depend on cultivar and harvest year. Food Chem 122:819–825

Capelo AM, Silva S, Brito G, Santos C (2010) Somatic embryogenesis induction in leaves and 
petioles of a mature wild olive. Plant Cell Tissue Organ Cult 103:237–242

Carimi F, De Pasquale F (2003) Micropropagation of Citrus. In: Jain SM, Ishii K (eds) 
Micropropagation of woody trees and fruits. Kluwer, Deventer, pp 589–619

Cavallaro V, Barbera AC, Maucieri C, Gimma G, Scalisi C, Patanè C (2016) Evaluation of vari-
ability to drought and saline stress through the germination of different ecotypes of carob 
(Ceratonia siliqua L.) using a hydrotime model. Ecol Eng 95:557–566

Ceasar SA, Ignacimuthu S (2010) Effects of cytokinins, carbohydrates and amino acids on induc-
tion and maturation of somatic embryos in kodo millet (Paspalum scorbiculatum Linn.) Plant 
Cell Tissue Organ Cult 102:153–162

Chen JT, Chang WC (2006) Direct somatic embryogenesis and plant regeneration from leaf 
explants of Phalaenopsis amabilis. Biol Plant 50:169–173

Chiancone B, Tassoni A, Bagni N, Germanà MA (2006) Effect of polyamines on in vitro anther 
culture of Citrus clementina Hort. ex Tan. Plant Cell Tissue Organ Cult 87:145–153

Choudhary R, Chaudhury R, Malik SK, Sharma KC (2015) An efficient regeneration and rapid 
micropropagation protocol for almond using dormant axillary buds as explants. Indian J Exp 
Biol 53:462–467

Chu C (1978) The N6 medium and its applications to anther culture of cereal crops. In: Proceedings 
of symposium on plant tissue culture. Science Press, Peking pp 43–50

Conde C, Delrot S, Geros H (2008) Physiological, biochemical and molecular changes occurring 
during olive development and ripening. J Plant Physiol 165:1545–1562

Costa M, Miguel C, Oliveira MM (2007) Improved conditions for Agrobacterium-mediated trans-
formation of almond. Acta Hortic 738:575–581

Custòdio L, Carneiro MF, Romano A (2005) Microsporogenesis and anther culture in carob tree 
(Ceratonia siliqua L.) Sci Hortic 104:65–77

Dhage SS, Pawar BD, Chimote VP, Jadhav AS, Kale AA (2012) In vitro callus induction and plant-
let regeneration in fig (Ficus carica L.) J Cell Tissue Res 12:1–6

Dhage SS, Chimote VP, Pawar BD, Kale AA, Pawar SV, Jadhav AS (2015) Development of an 
efficient in vitro regeneration protocol in fig (Ficus carica L.) J Appl Hortic 17:160–164

Diao WP, Jia YY, Song H, Zhang XQ, Lou QF, Chen JF (2009) Efficient embryo induction in 
cucumber ovary culture and homozygous identification of the regenetants using SSR markers. 
Sci Hortic 119:246–251

Dueñas M, Perez-Alonso JJ, Santos-Buelga C, Escrinano-Bailon T (2008) Anthocyanin composi-
tion in fig (Ficus carica L.) J Food Compos Anal 21:107–115

Ferrandez-Villena M, Ferrandez-Garcia CE, Andreu-Rodriguez J, Ferrandez-Garcia MT, Garcia- 
Ortuño T (2013) Effect of pressing conditions on physical and mechanical properties of binder-
less boards made from almond hulls (Prunus dulcis (Mill.) DA Webb). In: Proceedings of the 
41 international symposium on agricultural engineering, 19–22 February, Opatija, pp 393–397

Flaishman M, Rodov V, Stover E (2008) The fig: botany, horticulture and breeding. Hortic Rev 
34:113–196

García-Férriz L, Ghorbel RR, Ybarra M, Marì A, Belaj A, Trujillo I (2002) Micropropagation from 
adult olive trees. Acta Hortic 586:879–882

Germanà MA, Chiancone B (2003) Improvement of Citrus clementina Hort. ex Tan. microspore- 
derived embryoid induction and regeneration. Plant Cell Rep 22:181–187

M. A. Mazri et al.



135

Germanà MA, Macaluso L, Patricolo G, Chiancone B (2008) Morphogenic response in vitro of 
epicotyl segments of Citrus macrophylla. Plant Biosyst 142:661–664

Germanà MA, Micheli M, Chiancone B, Macaluso L, Standardi A (2011) Organogenesis and 
encapsulation of in  vitro-derived propagules of Carrizo citrange [Citrus sinesis (L.) Osb. x 
Poncirius trifoliata (L.) Raf.] Plant Cell Tissue Organ Cult 106:299–307

Golozan AB, Shekafandeh A (2010) Effects of plant growth regulators on pomegranate (Punica 
granatum L. cv. Rabbab) shoot proliferation and rooting. Adv Hortic Sci 24:207–211

González-Mas MC, Llosa MJ, Quijano A, Forner-Giner MA (2009) Rootstock effects on leaf pho-
tosynthesis in ‘Navelina’ trees grown in calcareous soil. Hort Sci 44:280–283

Gunes E, Gubbuk H, Ayala-Silva T, Gozlekci S, Ercisli S (2013) Effects of various treatments on 
seed germination and growth of carob (Ceratonia siliqua L.) Pak J Bot 45:1173–1177

Guo B, Abbasi BH, Zeb A, Xu LL, Wei YH (2011) Thidiazuron: a multidimensional plant growth 
regulator. Afr J Biotechnol 10:8984–9000

Hagidimitriou M, Katsiotis A, Menexes G, Pontikis C, Loukas M (2005) Genetic diversity of 
major Greek olive cultivars using molecular (AFLPs and RAPDs) marker and morphological 
traits. J Am Soc Hortic Sci 130:211–217

Ipekci Z, Gozukirmizi N (2003) Direct somatic embryogenesis and synthetic seed production from 
Paulownia elongata. Plant Cell Rep 22:16–24

Kanwar K, Joseph J, Deepika R (2010) Comparison of in vitro regeneration pathways in Punica 
granatum L. Plant Cell Tissue Organ Cult 100:199–207

Khalilsaraee MF, Meti NT (2016) Embryogenic cell lines and germination of shoot from somatic 
embryos of Punica granatum ‘Ganesh’. Acta Hortic 1131:11–15

Khalilsaraie MF, Meti NT, Karibasappa GS (2015) Maintenance of somatic embryos and cell lines 
from floral parts of Punica granatum L. ‘Ganesh’. Acta Hortic 1083:455–460

Kim KM, Kim MY, Yun PY, Chandrasekhar T, Lee HY, Song PS (2007) Production of multiple 
shoots and plant regeneration from leaf segments of fig tree (Ficus carica L.) J  Plant Biol 
50:440–446

Laskar MA, Hynniewta M, Rao CS (2009) In vitro propagation of Citrus indica Tanaka-an endan-
gered progenitor species. Indian J Biotechnol 8:311–316

Li JW, Si SW, Cheng JY, Li JX, Liu JQ (2013) Thidiazuron and silver nitrate enhanced gynogen-
esis of unfertilized ovule cultures of Cucumis sativus. Biol Plant 57:164–168

Liu CZ, Murch SJ, Demerdash MEL, Saxena PK (2003) Regeneration of the Egyptian medicinal 
plant Artemisia judaica L. Plant Cell Rep 21:525–530

Lu C-Y (1993) The use of thidiazuron in tissue culture. In Vitro Cell Dev Biol Plant 29P:92–96
Maestri D, Martínez M, Bodoira R, Rossi Y, Oviedo A, Pierantozzi P, Torres M (2015) Variability 

in almond oil chemical traits from traditional cultivars and native genetic resources from 
Argentina. Food Chem 170:55–61

Mars M (2003) Fig (Ficus carica L.) genetic resources and breeding. Acta Hortic 605:19–27
Mazri MA (2015) Role of cytokinins and physical state of the culture medium to improve in vitro 

shoot multiplication, rooting and acclimatization of date palm (Phoenix dactylifera L.) cv. 
Boufeggous. J Plant Biochem Biotechnol 24:268–275

Mazri MA, Belkoura I, Pliego-Alfaro F, Belkoura M (2013) Somatic embryogenesis from leaf and 
petiole explants of the Moroccan olive cultivar Dahbia. Sci Hortic 159:88–95

Mencuccini M, Rugini E (1993) In vitro shoot regeneration from olive cultivar tissues. Plant Cell 
Tissue Organ Cult 32:283–288

Mencuccini M, Corona C, Mariotti M (1991) Plant regeneration and first attempt of in vitro genetic 
improvement of olive (cv Moraiolo). Acta Hortic 300:261–264

Meziani R, Jaiti F, Mazri MA, Hassani A, Ben Salem S, Anjarne M, Ait Chitt M, Alem C (2016) 
Organogenesis of Phoenix dactylifera L. cv. Mejhoul: influences of natural and synthetic com-
pounds on tissue browning, and analysis of protein concentrations and peroxidase activity in 
explants. Sci Hortic 204:145–152

Miguel CM, Druart P, Oliveira MM (1996) Shoot regeneration from adventitious buds induced 
on juvenile and adult almond (Prunus dulcis mill.) explants. In Vitro Cell Dev Biol Plant 
32:148–153

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species



136

Mithila J, Hall JC, Victor JMR, Saxena PK (2003) Thidiazuron induces shoot organogenesis at low 
concentration and somatic embryogenesis at high concentration on leaf and petiole explants of 
African violet (Saintpaulia ionantha WEndl.) Plant Cell Rep 21:408–414

Mohamed AI, Elnour EG, Mahfouz SA (2009) Production of multiple shoots from carob tree 
(Ceratonia siliqua) using tissue culture technique. Acta Hortic 812:211–215

Mok MC, Mok DWS, Armstrong DJ, Shudo K, Isogai Y, Okamoto T (1982) Cytokinin activity of 
N-phenyl-N′-(1,2,3- thiadiazol-5-yl)-urea (thidiazuron). Phytochemistry 21:1509–1511

Müller GC, Xue RD, Schlein Y (2010) Seed pods of the carob tree Ceratonia siliqua are a favored 
sugar source for the mosquito Aedes albopictus in coastal Israel. Acta Trop 116:235–239

Murashige T, Skoog FA (1962) A revised medium for rapid growth and bioassays with tobacco 
tissue cultures. Physiol Plant 15:473–497

Murashige T, Tucker DPH (1969) Growth factor requirements of citrus tissue culture. In: Chapman 
HD (ed) Proceedings of the 1st international citrus symposium, Riverside, Mar 1968, vol 3, 
pp 1155–1161

Murthy BNS, Murch SJ, Saxena PK (1998) Thidiazuron: a potent regulator of in vitro plant mor-
phogenesis. In Vitro Cell Dev Biol Plant 34:267–275

Naik SK, Pattnaik S, Chand PK (1999) In vitro propagation of pomegranate (Punica granatum 
L. cv. Ganesh) through axillary shoot proliferation from nodal segments of mature tree. Sci 
Hortic 79:175–183

Narváez I, Mercado JA, Jiménez-Díaz R, Pliego-Alfaro F (2016) Somatic embryogenesis in 
explants of adult wild olive trees. URL : http://riuma.uma.es/xmlui/handle/10630/11064

Nitsch JP, Nitsch C (1969) Haploid plants from pollen grains. Science 163:85–87
Patarra JDD (2009) Evaluation of the in vitro biological activities of extracts from carob tree and 

Mediterranean oaks. Master Dissertation in Biological Engineering. Universidade do Algarve, 
Portugal

Paudyal KP, Haq N (2000) In vitro propagation of pummelo (Citrus grandis L. Osbeck). In Vitro 
Cell Dev Biol Plant 36:511–516

Pelah D, Kaushik RA, Mizrahi Y, Sitrit Y (2002) Organogenesis in the vine cactus Selenicereus 
megalanthus using thidiazuron. Plant Cell Tissue Organ Cult 71:81–84

Pérez-García F (2009) Germination characteristics and intra-population variation in carob 
(Ceratonia siliqua L.) seeds. Spanish J Agri Res 7:398–406

Perri E, Parlati MV, Rugini E (1994a) Isolation and culture of olive (Olea europaea L.) cultivar 
protoplasts. Acta Hortic 356:51–53

Perri E, Parlati MV, Mule R, Fodale AS (1994b) Attempts to generate haploid plants from in vitro 
cultures of Olea europaea L. anthers. Acta Hortic 356:47–50

Rai RV (2002) Rapid clonal propagation of Nothapodytes foetida (Wight) Sleumer- a threatened 
medicinal tree. In Vitro Cell Dev Biol Plant 38:347–351

Ramezani S, Shekafandeh A (2009) Callus induction from anther explant of olive (Olea europaea 
L.) influenced by plant growth regulators. Adv Env Biol 3:21–24

Rinaldi LMR, Lambardi M (1998) In vitro germinability and ethylene biosynthesis in cytokinin- 
treated olive seeds (Olea europaea L.) Adv Hortic Sci 12:59–62

Roussos PA, Pontikis CA (2002) In vitro propagation of olive (Olea europaea L.) cv. Koroneiki. 
Plant Growth Regul 37:295–304

Roussos PA, Dimitriou G, Voloudakis AE (2011) N-(2-chloro-4-pyridyl)-N-phenylurea (4-CPPU) 
enhances in vitro direct shoot organogenesis of Citrus aurantium L. epicotyl segments com-
pared to other commonly used cytokinins. Span J Agric Res 9:504–509

Rugini E (1984) In vitro propagation of some olive (Olea europaeasativa L.) cultivars with dif-
ferent root-ability, and medium development using analytical data from developing shoots and 
embryos. Sci Hortic 24:123–134

Rugini E, Caricato G (1995) Somatic embryogenesis and plant recovery from mature tissues of 
olive cultivars (Olea europaea L.) “Canino” and “Moraiolo”. Plant Cell Rep 14:257–260

Rugini E, De Pace C, Gutierrez-Pesce P, Muleo R (2011) Olea. In: Chittaranjan K (ed) Wild crop 
relatives: genomic and breeding resources, 1st edn. Springer, Heidelberg, pp 79–117

M. A. Mazri et al.

http://riuma.uma.es/xmlui/handle/10630/11064


137

Saad AIM, Elnour GE (2010) Induction of callus from hypocotyledons and cotyledonary leaves of 
Ceratonia siliqua. Acta Hortic 865:293–296

Saad H, Charrier-El Bouhtoury F, Pizzi A, Rode K, Charrier B, Ayed N (2012) Characterization of 
pomegranate peels tannin extractives. Ind Crop Prod 40:239–246

Sato K (2015) Influence of drought and high temperature on citrus. In: Kanayama Y, Kochetov A 
(eds) Abiotic stress biology in horticultural plants. Springer, Tokyo, pp 77–86

Schween G, Schwenkel HG (2002) In vitro regeneration in Primula Sp. via organogenesis. Plant 
Cell Rep 20:1006–1010

Sen S, Dhawan V (2009) Genotypic differences in shoot multiplication among five citrus root-
stocks in vitro. Acta Hortic 839:51–56

Sen S, Dhawan V (2010) Development of a highly efficient micropropagation method for the 
Citrus rootstock ‘Swingle’ citrumelo [Poncirus trifoliata (L.) Raf. x C. paradisi McFaden]. Int 
J Fruit Sci 10:65–78

Singh S, Rajam MV (2010) Highly efficient and rapid plant regeneration in Citrus sinensis. J Plant 
Biochem Biotechnol 19:195–202

Soliman HI, Gabr M, Abdallah N (2010) Efficient transformation and regeneration of fig (Ficus 
carica L.) via somatic embryogenesis. GM Crops 1:47–58

Tegeder M, Gebhardt D, Schieder O, Pickardt T (1995) Thidiazuron-induced plant regeneration 
from protoplast of Vicia faba cv. Mythos. Plant Cell Rep 15:164–169

Van Le B, Ha NT, Hong LTA, Van KTT (1999) High frequency shoot regeneration from trifoliate 
orange (Poncirus trifoliata L. Raf.) using the thin cell later method. CR Acad Sci Paris Life 
Sci 322:1105–1111

Van Staden J, Zazimalova E, George EF (2008) Plant growth regulators II: cytokinins, their ana-
logues and antagonists. In: George EF, Hall MA, De Klerk GJ (eds) Plant propagation by tissue 
culture, vol I the background, 3rd edn. Springer, Dordrecht, pp 205–226

Yakushiji H, Mase N, Sato Y (2003) Adventitious bud formation and plantlet regeneration from 
leaves of fig (Ficus carica L.) J Hortic Sci Biotechnol 78:874–878

Yaman S, Sahan M, Haykiri-Acma H, Sesen K, Kucukbayrak S (2000) Production of fuel bri-
quettes from olive refuse and paper mill waste. Fuel Process Technol 68:23–31

Yancheva SD, Golubowicz S, Yablowicz Z, Perl A, Flaishman MA (2005) Efficient Agrobacterium- 
mediated transformation and recovery of transgenic fig (Ficus carica L.) plants. Plant Sci 
168:1433–1441

Zaen El Deen EM, El-Sayed OM, El-Sayed AEI, Hegazi GAE (2014) Studies on carob (Ceratonia 
siliqua L.) propagation. J Agri Vet Sci 7:31–40

Zuccherelli G, Zuccherelli S (2002) In vitro propagation of 50 olive cultivars. Acta Hortic 
586:931–934

5 Use of TDZ for Micropropagation of Some Mediterranean Crop Species



139© Springer Nature Singapore Pte Ltd. 2018
N. Ahmad, M. Faisal (eds.), Thidiazuron: From Urea Derivative to Plant Growth 
Regulator, https://doi.org/10.1007/978-981-10-8004-3_6

S. C. Debnath (*) 
St. John’s Research and Development Centre, Agriculture and Agri-Food Canada,  
St. John’s, Newfoundland and Labrador, Canada
e-mail: samir.debnath@agr.gc.ca

6Thidiazuron in Micropropagation 
of Small Fruits

Samir C. Debnath

Abstract
Strawberry, raspberry, grape, blueberry, and cranberry are major small fruit crops 
cultivated widely across the world. They are highly appreciated and have long 
been enjoyed enormous popularity among consumers. Their superior nutritive 
components play a significant dietary role in maintaining human health that has 
led to a dramatic increase of their global production. There has been an immense 
progress in small fruit micropropagation using semisolid gelled and liquid media 
containing different plant growth regulators (PGRs). Thidiazuron [1-phenyl- 3-
(1,2,3-thiadiazol-5-yl)urea (TDZ)] is a PGR and with its cytokinin- and auxin- 
like effects, has significant role in in  vitro propagation of small fruit crops. 
Bioreactor micropropagation containing liquid media with TDZ has resulted in 
significant progresses not only in reducing micropropagation cost but also in 
speeding up the process significantly for these crop species. However, the opti-
mal plant production depends upon a number of factors including genotype, 
media types, types and concentration of PGR, and culture environment. The 
chapter deals with the progress in-depth of various aspects of small fruit micro-
propagation in semisolid and liquid media containing TDZ and use of TDZ in a 
bioreactor micropropagation for commercial production. Somaclonal variation 
can be a major concern in small fruit micropropagation using TDZ. Although 
strategies have been developed to reduce these variations, DNA-based molecular 
markers are promising tools to monitor clonal fidelity of TDZ-induced micro-
propagated small fruit plants. The chapter also describes the use of molecular 
markers for the assessment of genetic fidelity, stability, and true-to-typeness in 
small fruit tissue culture plants.
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6.1  Introduction

Small fruits, also known as berry crops, are small- to moderate-sized fruits pro-
duced on perennial herbs, vines, or shrubs. Brambles (blackberry, raspberry and 
their hybrids), Ribes (currant and gooseberry), strawberries, table and wine grapes 
(Vitis spp.), and Vaccinium species (blueberry, cranberry, lingonberry, and others) 
are among the important small fruit crops worldwide (Debnath 2003a, 2016a). 
Native American peoples relied heavily on certain small fruits as a staple in their 
diet and passed on their knowledge of the fruit to the first European colonists. Many 
Native Americans and First Peoples of Canada combined dried meat with dried 
small fruits to add flavor (Trehane 2004). The production of blueberries, cranber-
ries, raspberries, and strawberries is a profitable agricultural enterprise that began in 
the early nineteenth century. Regionally important minor small fruit crops include 
Aronia (Aronia melanocarpa [Michx.] Elliott, Rosaceae), arctic raspberry (Rubus 
arcticus L., R. stellatus Sm. and their hybrids; Rosaceae), cloudberry (R. 
chamaemorus L., Rosaceae), mora (R. glaucus Benth., Rosaceae), Juneberry/saska-
toon (Amelanchier sp., Rosaceae), alpine strawberry (Fragaria vesca L., Rosaceae), 
edible honeysuckle (Lonicera caerulea L., Caprifoliaceae), elderberry (Sambucus 
Canadensis L., Caprifoliaceae), hardy kiwi (Actinidia arguta [Siebold & Zucc.] 
Planch.ex Miq., Actinidiaceae), sea buckthorn (Hippophae rhamnoides L., 
Elaeagnaceae), schisandra (Schisandra chinensis [Turcz.] Baill., Schisandraceae), 
bilberry (Vaccinium myrtillus L., Ericaceae), and muscadine grape (Vitis rotundifo-
lia Mich., Vitaceae). Chokecherry (Prunus virginiana L.), highbush cranberry 
(Viburnum trilobum Marshall), serviceberry [Amelanchier alnifolia (Nutt.) Nutt.], 
and silver buffalo berry [Shepherdia argentea (Pursh) Nutt.] are some of the other 
small fruit crops that are consumed in the traditional diets of North American tribal 
communities (Galletta and Himelrick 1990; Finn 1999).

Diets high in small fruits have a positive impact on human health, performance, 
and disease. They are flavorful providing unique contributions to dietary choices of 
consumers. Small fruits can satisfy diverse consumer choices and tastes with their 
different levels of sweetness and acidity, and with a variety of flavors and textures. 
They are consumed in fresh, dried, juice, and processed product forms. Small fruits 
are a major human dietary source of phytochemicals including flavonoids and other 
phenolic compounds, cyanogenic glucosides, phytoestrogens (Mazur et al. 2000), 
and phenols that are potentially health-promoting and are believed to fight against 
diseases (Macheix et al. 1991). Consumption of small fruits is likely to decrease the 
risk of cardiovascular diseases, certain forms of cancer, hypertension, type II diabe-
tes, and other age-related and degenerative diseases (Ames et al. 1993; Rissanen 
et  al. 2003). Fruit and leaf extracts from some small fruit species inhibit some 
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cancers or have strong antioxidant activities as were evident from in  vitro and 
in vivo studies with animal models (Yau et al., 2002). Ellagic acid of small fruits 
(Häkkinen and Törrönen 2000; Harris et al. 2001; Cordenunsi et al. 2002) affects 
cell proliferation and apoptosis, suggesting a potential anticancer role. Flavonoid- 
rich blueberries and cranberries can limit the development and severity of certain 
cancers and vascular diseases including ischemic stroke, atherosclerosis, and neuro-
degenerative diseases of aging (Neto 2007). Lingonberry leaves and fruits are rich 
in antioxidant properties (Vyas et al. 2015) and can be used to treat stomach disor-
ders, rheumatic diseases, and bladder and kidney infections and to lower cholesterol 
levels (Novelli 2003). Cranberries produce proanthocyanidins (condensed tannins) 
that help to prevent urinary tract infections through reduced adhesion of uropatho-
genic Escherichia coli (Howell et al. 2005).

Thidiazuron (TDZ, N-phenyl-N′-1,2,3-thiadiazol-5-ylurea), first used as a cotton 
defoliant (Arndt et al. 1976), has been shown to exhibit strong cytokinin-like activ-
ity similar to adenine derivatives (Mok et al. 1982, 1987; Thomas and Katterman 
1986). Although TDZ was categorized as a cytokinin with natural cytokinin-type 
response (Murthy et  al. 1998), it has been found to possess both cytokinin- and 
auxin-like activities in in vitro culture of various plant species (Mok et al. 1982; 
Visser et al. 1992).While at higher concentrations, TDZ stimulates callus formation, 
shoot regeneration, and somatic embryo development, it induces axillary prolifera-
tion at low concentration (Huetteman and Preece 1993) although structurally TDZ 
is different from both auxins and purine-based cytokinins (Murthy et al. 1998).

6.2  Propagation In Vitro

Cultures in vitro (Fig. 6.1) contribute significantly to the small fruit crop develop-
ment programs. In vitro propagation or micropropagation that includes plant forma-
tion from existing meristems and somatic cells has been utilized for propagation and 
as a part of the genetic manipulation in many small fruit crops. Although micro-
propagation has been successful in some small fruit crops, there are many species 
where in vitro methods need to be established for elite selections and to develop 

Fig. 6.1 In vitro culture of 
blueberry on an agar- 
gelrite gelled medium (left) 
and in a bioreactor 
containing liquid medium 
(right)
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genotype-independent routine procedures for increasing the propagation rates and 
to reduce the probability of somaclonal variation (Larkin and Scowcroft 1981).

Being genetically heterozygous, small fruit crops do not reproduce individuals 
from seed that are similar to the seed parent (Galletta and Himelrick 1990). Most of 
small fruit crop species are generally propagated vegetatively to maintain the desired 
genetic characteristics and to achieve rapidly a fruit-bearing condition. Although 
conventional vegetative propagation is successful in small fruit crops, the process is 
very time consuming. In vitro propagation is being used in various small fruit crops 
for year-round mass propagation of specific genotype and maintenance of pathogen- 
free (indexed) germplasm and used as the initial step in a nuclear stock crop produc-
tion system. Shoot regeneration in  vitro could accelerate cultivar development 
programs when used in combination with classical breeding. Successful application 
of plant tissue culture for shoot regeneration is crucial (Cao and Hammerschlag 
2000), but the system can be used for genetic transformation followed by produc-
tion of transgenic plants and to induce somaclonal variants. Complete plant forma-
tion using tissue culture techniques can be achieved either through shoot proliferation 
from pre-existing buds, through adventitious shoot regeneration, or through the for-
mation of somatic embryos with a shoot meristem and a root (Steward et al. 1970).

Haberlandt (1902) explored plant cell culture in the early nineteenth century to 
study the concept of totipotency and to explore morphogenesis. He was successful 
to get survivability of in vitro-grown tissue. While Hannig (1904) was the first to 
observe plant cell division under in vitro condition, regeneration on callus tissue 
was first reported by Simon (1908). However, commercial micropropagation started 
with the work of Boxus (1974) and Anderson (1975) in strawberry and rhododen-
dron, respectively. Since then, micropropagation with small fruit crops has been 
reviewed in literature by various authors (Debnath 2003a, 2006a, 2007a, 2011a, 
2013, 2014a; Graham 2005; McCown and Zeldin 2005; Rowland and Hammerschlag 
2005; Skirvin et al. 2005; Debnath et al. 2012).

6.3  Thidiazuron-Induced Micropropagation on Semisolid 
Gelled Media

6.3.1  Axillary Shoot Proliferation

Shoot tips or nodal segments can be surface sterilized and cultured on an agar or 
agar-gelrite solidified gelled medium containing TDZ for axillary bud production 
(Debnath 2005a). Plant propagation through axillary shoot proliferation is the most 
reliable method to produce true-to-type plants as they normally retain the genetic 
composition of the mother plant. A higher cytokinin concentration alone or with 
low levels of auxins is generally used to induce axillary budding. Cytokinins are 
used in culture media to overcome apical dominance and to enhance lateral bud 
formation from the leaf axis. More extra shoots are produced through further axil-
lary bud growth during subculturing (Debnath 2003a). Different basal media sup-
plemented with cytokinins such as TDZ, zeatin, 6-benzyladenine (BA), zeatin 
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riboside, or N6-[2 isopentenyl] adenine (2iP) and possibly some auxin can be used 
for small fruit micropropagation (Debnath 2006a). For axillary shoot proliferation 
of lingonberries (Debnath 2005a), nodal explants can be cultured on Debnath and 
McRae’s (2001a) shoot proliferation medium containing low concentration of 
TDZ. A concentration of 0.1–1.0 μM TDZ was found effective for shoot prolifera-
tion of lingonberries (Debnath 2005a). Shoot proliferation of strawberry was found 
effective with 4 μM TDZ in a semisolid culture medium (Debnath 2005b).

Explant orientation on a TDZ-containing culture medium affects shoot prolifera-
tion. Lingonberry explants when placed horizontally on the culture medium 
responded by callus formation around the cut ends from day 6 to day 8 of culture, 
while vertical placement induced callus development at the basal end of the explants 
only. Changing the orientation of explants from vertically upright to horizontal 
improved the number of shoots per explant but reduced the number of leaves per 
shoot and shoot height (Debnath 2005a).

Lingonberry explants on cytokinin (TDZ)-free medium produced one unbranched 
shoot each, suggesting the presence of apical dominance (Debnath 2005a). Apical 
dominance is a major problem in micropropagation of some plant species (George 
and Sherrington 1984). Axillary branching in nodal explants occurs only when a 
cytokinin, e.g., TDZ, is applied exogenously in the culture media (Debnath 2005a). 
TDZ has an apical dominance release that accelerates shoot proliferation (Huetteman 
and Preece 1993).

The genotype often profoundly affects explant shoot proliferation performance 
in a medium containing TDZ (Debnath 2005a). Preece et al. (1991) observed differ-
ences in axillary shoot proliferation among woody plant species when cultured on a 
medium containing TDZ. Lingonberry genotypes belonging to two different sub-
species differed in their shoot proliferation potential (Debnath 2005a). This might 
be due to the fact that the cells within the same plant can have dissimilar endoge-
nous quantities of plant growth regulators (PGRs) and additional difference in 
receptor affinity or cellular sensitivity to PGRs (Minocha 1987). It is, therefore, 
expected that in vitro response will vary from genotype to genotype.

Although TDZ promotes callus development and at low concentration promotes 
shoot proliferation, it inhibits shoot elongation in lowbush blueberry (Kaldmäe et al. 
2006) and lingonberry (Debnath 2005a). Since TDZ possesses very high cytokinin 
activity, it is possible that its inhibitory effect on shoot proliferation is consistent with 
its high cytokinin activity as shown in cranberry (Marcotrigiano et al. 1996). The 
inhibition of shoot elongation can take place due to the increase of endogenous cyto-
kinins that hinders the action of cytokinin oxidase (Hare et al. 1994).

6.3.2  Adventitious Shoot Regeneration

Regeneration of adventitious shoots in vitro can be used not only in mass multipli-
cation of difficult-to-propagate crop plant species but also in crop improvement to 
produce genetically engineered plants and somaclonal variants. In vitro shoot 
regeneration can be either through the development of unipolar organs (shoots or 
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roots), known as organogenesis, or of somatic embryos with a root and a shoot meri-
stem (somatic embryogenesis) (Ammirato 1985). Plant regeneration from excised 
explants through organogenesis includes (i) development of adventitious bud from 
explants, (ii) elongation of buds to form rootable shoots, and (iii) rooting of the 
shoots to form plantlets (Qu et al. 2000). Factors like genotype; culture medium; 
type, concentration, and combination of growth regulators; physical environment; 
and explant development stage are important for shoot regeneration.

TDZ-induced shoot regeneration in vitro on a semisolid gelled medium has been 
reported in many small fruit crops including lingonberry (Debnath 2003b, 2005c), 
strawberry (Debnath 2005b, 2006b; Haddadi et al. 2013), ohelo and bilberry (Shibli 
and Smith 1996), blackberry (Vujović et al. 2010), and blueberry (Debnath 2009a). 
While TDZ alone was sufficient to regenerate shoots from strawberry sepal, leaves, 
and calyx (Debnath 2005b, 2006b), 2,4-dichlorophenoxyacetic acid (2,4-D) (Passey 
et al. 2003) or 1H-indole-3-butanoic acid (IBA) (Yonghua et al. 2005; Murti et al. 
2012) in combination with TDZ was effective for shoot regeneration from straw-
berry leaves. Marcotrigiano et  al. (1996) used TDZ in combination with 
α-naphthaleneacetic acid (NAA) for shoot regeneration from cranberry leaves but 
was not very successful as the shoot elongation was limited. Qu et al. (2000) devel-
oped a highly efficient shoot regeneration system from cranberry leaves on a basal 
medium consisting of Anderson’s rhododendron salts (Anderson 1975) and 
Murashige and Skoog’s (MS) organics (Murashige and Skoog 1962) with 10.0 μM 
TDZ and 5.0 μM N6-(g-g-dimethylallylamino) purine (2ip) in five cranberry culti-
vars. TDZ was found more effective than 6-benzylaminopurine (BAP) for inducing 
adventitious shoot regeneration from blackberry leaves (Vujović et al. 2010).

Debnath (2009a) developed a two-step procedure for adventitious shoot regen-
eration on an agar-gelrite gelled semisolid nutrient medium containing TDZ. Wild 
lowbush blueberry leaf segments were cultured on modified cranberry medium of 
Debnath and McRae (2001a) that contained three-quarter macro-salts and micro- 
salts of Debnath and McRae’s (2001b) shoot proliferation medium D. The cultures 
were incubated in the dark at 20 ± 2 °C for 14 days and then exposed to light and 
maintained at 20 ± 2 °C with a 16-h photoperiod (PPF density at culture level was 
30 μmolm−2 s−1). The TDZ concentration affected the frequency and growth of calli, 
buds, and shoots on leaf explants. A range of 2.3–4.5 μM of TDZ concentration on 
a semisolid gelled medium was found the most suitable range for shoot regeneration 
of wild lowbush blueberry clones (Debnath 2009a). In strawberry, TDZ at 2–4 μM 
induced adventitious meristem, bud, and shoot regeneration, but the formation of 
buds and shoots was completely stopped in a semisolid gelled medium with 8 μM 
TDZ (Debnath 2005b, 2006b).

Shoot regeneration on a TDZ-containing medium is influenced by a number of 
factors including genotype, TDZ concentration, and the polarity and orientation of 
the explants on the culture medium. The concentration of TDZ affects callus size 
and regeneration percentage, shoot number, and the vigor of regenerated shoots. In 
lowbush blueberry, the leaf explants produced less shoots but more callus on a nutri-
ent medium with 4.5  μM than those treated with 2.3  μM of TDZ.  Shoot vigor 
declined with the increase of TDZ concentration on the culture medium (Debnath 
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2009a). Vujović et  al. (2010) reported the highest shoot regeneration rate from 
blackberry leaves on a medium containing 4.5  μM TDZ.  Swartz et  al. (1990) 
obtained shoot regeneration from Rubus leaves on a MS medium containing 10 μM 
thidiazuron.

Polarity of shoot regeneration can vary from genotype to genotype and can be 
upturned by PGR treatments (George 1993). In lowbush blueberries, TDZ was 
found to induce shoot formation on the whole leaf surface. However, more regen-
eration was observed on basal and medial segments of leaves than on apical seg-
ments (Debnath 2009a). This could be due to the fact that the distal portion of the 
leaf has less meristematic cells than those at the proximal portions. The effect of 
polarity on regeneration on a TDZ-containing medium was evident by more callus 
growth and higher number of buds and shoots formed from the apical than in the 
central and basal segments of lingonberry hypocotyl segments from seedlings 
(Debnath 2003b). Regenerative capacity increased substantially from the base 
toward the tip of the hypocotyl (Debnath 2003b). In strawberry, bud and shoot 
regeneration occurred on both sides of the sepals on a TDZ-containing medium 
(Debnath 2005b) as were observed in lingonberry (Debnath 2005c) and cranberry 
leaf cultures on a semisolid medium with TDZ (Marcotrigiano et al. 1996). However, 
shoot regeneration was on adaxial side of cranberry leaves on a medium with TDZ 
(Qu et al. 2000). Regeneration of lingonberry shoots from leaves was better when 
the adaxial side was in contact with the TDZ-containing medium (Debnath 2005c). 
Shoot regeneration was best when young expanding basal leaf segments of lowbush 
blueberry were placed with the adaxial side in contact with the culture medium 
supplemented with 2.3–4.5 μM TDZ and kept for 14 days in darkness (Debnath 
2009a). TDZ induces shoot regeneration in various small fruit crops (Debnath 
2003b, 2005b, c, 2007a, 2009a).

TDZ concentration required for the regeneration of adventitious shoots depends 
on genotype. A high concentration of TDZ (37.8–40.5 μM) in combination with 
2.5–0.5 μM IBA was effective for strawberry shoot regeneration by Murti et  al. 
(2012). However, excessive PGR concentration in culture media may cause soma-
clonal variation in micropropagated plants (Larkin and Scowcroft 1981).

6.3.3  Somatic Embryogenesis

Induction of somatic embryogenesis in blueberries has been reported recently by 
Ghosh et al. (2017) where callus formed from leaf segments after 4 weeks of culture 
on a semisolid gelled medium containing TDZ. Highest percentage (98%) of callus 
formation was observed in a hybrid blueberry obtained through crossing between 
highbush blueberry cvs. Chippewa and Patriot, at 4.5 μM of TDZ. Reports on plant 
regeneration via somatic embryogenesis are not available in Vaccinium species on 
gelled media, but it has been observed in the diploid (Fragaria vesca subspecies 
vesca “Hawaii 4”) (Zhang et al. 2014) and octoploid strawberries (Donnoli et al. 
2001; Biswas et al. 2007; Husaini and Abdin 2007; Husaini et al. 2008; Kordestani 
and Karami 2008). Strawberry shoot regeneration from leaf culture was noticed via 
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somatic embryogenesis or direct shoot regeneration based on the concentration of 
TDZ (Husaini and Abdin 2007). Strawberry leaf discs were cultured on a nutrient 
medium containing 4.0 mg l−1 TDZ and maintained at 10 ± 1 °C under darkness for 
1  week followed by 3  weeks under 16-h photoperiod to get somatic embryos 
(Husaini et al. 2008). Initiation of strawberry somatic embryos was successful with 
dark (Donnoli et al. 2001; Husaini et al. 2011) and cold treatments (Husaini et al. 
2011) of the culture. Nakajima and Matsuda (2003) reported somatic embryogene-
sis from filaments of eight grape cultivars using a combination of 1  μM 
2,4- dichlorophenoxyacetic acid (2,4-D) and 1 μM TDZ or 10 μM 2,4-D and 10 μM 
TDZ. TDZ has been used to induce somatic embryo formation from filaments in 
grapevines (Nakajima and Matsuta, 2003; Oláh et al. 2003). Bouamama et al. (2007) 
used 11.35 μM of thidiazuron and 9 μM of 2,4-D for the induction as well as the 
development of somatic embryos in several grapevine cultivars, using anther 
culture.

6.3.4  Rooting and Acclimatization

Thidiazuron-induced small fruit microshoots can be rooted either under in vitro or 
ex vitro conditions (Qu et  al. 2000; Debnath 2005a, b, 2009a). For rooting on a 
gelled medium, microshoots are excised and cultured onto an auxin-free medium 
(Qu et al. 2000). Ex vitro rooting of micropropagated shoots can be done in shred-
ded sphagnum moss (Qu et al. 2000) or in a peat-perlite medium (Debnath 2003b, 
2005a, c, 2009a). Vaccinium species can be rooted under ex vitro condition, while 
rooting in vitro is very common for strawberries and Rubus species (Debnath 2005b, 
2006b, 2007b, 2010). Rootings ex vitro are rapid and less expensive, but in vitro 
rooting reduces disease contamination and environmental stress during rooting 
period (Pedroso et al. 1992).

Ex vitro rooting of Vaccinium microshoots can be done by treating the excised 
shoots by 39.4  mM IBA powder and planting them in a peat-perlite medium 
(Debnath 2009a). In vitro-derived strawberry shoots can be planted in a potting 
medium and maintained in a humidity chamber with a vaporizer at a temperature of 
20 ± 2  °C, humidity 95%, PPF  =  55  μmol m−2  s−1, and 16-h photoperiod. 
Acclimatization of the plantlets can be done by gradually dropping the humidity 
over 2–3 weeks. Hardened-off plants can be transferred in a greenhouse and grown 
at 20 ± 2 °C, humidity 85%, maximum PPF = 90 μmol m−2 s−1, and a 16-h photope-
riod (Debnath 2005c).

Debnath (2006b) observed that TDZ, in a semisolid culture medium, strongly 
inhibited root formation of adventitious strawberry microshoot. Media with TDZ 
promoted more callus formation but suppressed shoot elongation and rooting of 
shoots. TDZ-induced strawberry shoots when proliferated in a medium containing 
1 or 2 μM zeatin rooted well (Debnath 2006b). Lower cytokinin concentration may 
be required to form roots as the formation of roots is generally inhibited when the 
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cytokinin is adequately concentrated for the initiation of shoot proliferation (Gaspar 
and Coumans 1987). Endogenous cytokinins play a role in the formation of adventi-
tious root (Bollmark et  al. 1988). It is probable that TDZ is more efficient than 
zeatin to enhance endogenous cytokinin production which, in turn, might have pre-
vented rooting (Bollmark et al. 1988). Induction of rooting for strawberry micro-
shoots is possible without exogenous auxin. This might be due to the effect of 
exogenous auxins that can inhibit root growth (Scott 1972).

6.4  Bioreactor Micropropagation in Liquid Culture 
with Thidiazuron

Haberlandt (1902) was the first to use a liquid medium to culture isolated cells from 
bracts of Lamium purpureum in Knop’s solution supplemented with sucrose (Preil 
2005) although the cells did not divide. Later, Kohlenbach (1959) observed that dif-
ferentiated mesophyll cells of Macleaya develop into cell clusters and calli forming 
organs and somatic embryos. Use of a liquid culture medium for in vitro propaga-
tion offers much more uniform culturing conditions than a semisolid medium 
(Debnath 2011a). Use of a gelled medium for propagating plants is difficult to auto-
mate and costly for large-scale production. Automated bioreactors that use liquid 
media are important for large-scale production of small fruit crops.

Bioreactors are designed for intensive culture and control over microenviron-
mental conditions (aeration, agitation, dissolved oxygen, etc.) (Paek et al. 2005). 
Liquid culture in a bioreactor system can cut down cost and labor in terms of agar, 
medium volume, and subculture periods (Sandal et al. 2001). Micropropagation can 
be done in bioreactors in agitated and non-agitated vessels (Ziv 2005). However, 
under submersed condition, a bioreactor system can limit the gas exchange to the 
culture that may lead to suffocation, hyperhydricity, and abnormal plantlet forma-
tion (Detrez et al. 1994) with chlorophyll-deficient glossy hyperhydrous leaves, cell 
hyperhydricity, hypolignification, reduced deposition of epicuticular waxes, and 
changes in enzyme activity and protein synthesis (Ziv 1991a, b). Temporary immer-
sion bioreactors (TIBs) and use of growth retardants in culture media can be used to 
overcome some of these problems (Ziv et al. 2003). Cultures are alternately exposed 
to air and dipped into a liquid medium in a TIB system. Some of the other alterna-
tive procedures include putting a liquid medium on top of an established culture on 
agar and mist bioreactors and use of supports over stationary liquid media such as 
cellulose blocks, rafts, sponges, or paper bridges (Etienne and Berthouly 2002).

Bioreactor micropropagation in small fruit crop has not been used with many 
species but reviewed in literature (Debnath 2011a; Debnath et  al. 2016). Some 
results that used TDZ-containing liquid media in Fragaria, Rubus, and Vaccinium 
species are presented below.
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6.5  Fragaria (Strawberry)

The strawberry is enjoyed by millions of people across the world (Hancock et al. 
1991) and is used fresh or in processed forms including jams, jellies, and frozen 
whole berries or sweetened juice extracts or flavorings. It is one of the most popular 
small fruit crops more extensively distributed than any other fruit crops (Childers 
1980). The cultivated strawberry (Fragaria × ananassa Duch.) is a hybrid between 
F. virginiana Duch. and F. chiloensis (L.) Duch. Strawberries are a low-growing, 
dicotyledonous, perennial herb. They are grown in most arable regions of the world. 
Strawberries are a high source of vitamin C and fiber (Galletta and Bringhurst 1990).

Although strawberries can be propagated vegetatively by runner cuttings, a lim-
ited number of propagules are produced though this process and the product are not 
free of fungal diseases (Dijkstra 1993). Virus-free plants can be produced through 
micropropagation, and they can be saved under refrigeration (Mullin and Schlegel 
1976). This makes it a reliable technique for germplasm storage.

Strawberry liquid culture with cell suspensions was started by Keßler et  al. 
(1997) in bioreactors with different stirrer types. Adventitious shoot regeneration 
was successful in strawberry cultivars using a TIB bioreactor (RITA®) in a liquid 
MS medium supplemented with 9 μM TDZ and 2.5 μM IBA although regeneration 
frequency was not as good as on semisolid medium (Hanhineva et al. 2005). A com-
bination of semisolid gelled medium and a liquid medium has been used by Debnath 
(2008a) where shoots were regenerated from leaf, sepal, or petiole explants of 
strawberries on a semisolid culture medium containing 2–4  μM TDZ (Debnath 
2005b, 2006b), followed by culturing in the same liquid medium in a TIB bioreactor 
system with a 15-min immersion of explants every 4 h. Shoots can be proliferated 
and rooted in the bioreactor system with the same medium with 0.5–1 μM zeatin. In 
vitro-derived rooted shoots can be transferred planted on ProMix BX (Premier 
Horticulture Limited, Riviere-du-Loup, QC) potting medium and acclimatized fol-
lowing Debnath (2008a).

6.5.1  Rubus Species

The members of the genus Rubus (Tourn.) L. are called brambles that include rasp-
berries, blackberries, and dewberries. They are distributed in both hemispheres 
except desert regions (Daubeny 1996). Ideobatus (raspberries) is the most important 
domesticated subgenera of genus Rubus containing around 200 species (Debnath 
2011a, 2016a). The cloudberry (R. chamaemorus L., family Rosaceae) is a less 
known small fruit crop in Rubus species. This boreal circumpolar fruit species is a 
perennial, rhizomatous, and dioecious herb common to bogs. Cloudberries are rich 
in vitamin C and tannins and are used in traditional medicine to treat scurvy and 
diarrhea (Thiem 2003).

Bioreactor micropropagation using a liquid medium in Rubus species was first 
described by Debnath (2007b). Three cloudberry wild clones were cultured in an 
airlift bioreactor containing liquid medium with 0.45–2.3 lμ TDZ. A concentration 
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of 1.1–2.3  μM TDZ was needed for shoot proliferation. Liquid culture system 
enhanced the micropropagation efficiency of cloudberry clones; shoot number was 
almost double those on semisolid gelled medium for two cloudberry wild clones. A 
concentration of 1.1 μM TDZ was found to produce five to seven 4-cm-high shoots 
per nodal explant in a bioreactor containing a liquid medium in wild cloudberries 
(Debnath 2007b). However, TDZ induces hyperhydricity in liquid culture; 20–30% 
of the cloudberry shoots were hyperhydric after 8–10 weeks of culture in liquid 
medium (Debnath 2007b). Generally, hyperhydricity takes place in liquid media 
because of high water potential of leaves (Paek and Han 1989).This happens when 
a culture medium is rich in cytokinin (Gaspar 1991). Liquid culture-derived hyper-
hydric microshoots cannot root properly and give rise to malformed plants with 
poor survivability. In the reversible process, it was found that the quality of the 
cloudberry shoots could be improved by transferring them onto a gelled medium 
with 8.9 μM BAP and 5.8 μM gibberellic acid (GA3) (Debnath 2007b).

Bioreactor micropropagation in a TDZ-containing liquid medium was also 
reported in red raspberry (R. idaeus L.) (Debnath 2010, 2014b). Shoot regeneration 
can be achieved from raspberry leaves in a liquid medium-containing bioreactor 
system combined with a semisolid gelled medium with 2.3–9.0 μM TDZ (Debnath 
2014b). The polarity and orientation of red raspberry leaves and TDZ concentration 
played a significant role for callus and bud formation and for bud and shoot number 
per regenerating explants. Although regeneration was observed on the whole sur-
face of the leaf, it increased markedly from the tip toward the base of the leaf. 
Regeneration was more in explants from basal segments (proximal ends) than the 
apical segments (distal regions) (Debnath 2010). As was in semisolid gelled media 
with small fruit crops, TDZ also inhibits shoot elongation in liquid media. In red 
raspberry, shoot inhibition can be improved by culturing in a BA-added medium. 
BA-induced elongated shoots can be rooted in the same liquid medium that contains 
no plant growth regulator (Debnath 2010, 2014b).

6.5.2  Vaccinium Species

The genus Vaccinium L., with about 400–500 species, is native to all continents 
except Antarctica and Australia (Vander Kloet 1988; Vander Kloet and Dickinson 
2009). Genetically they are dicot and heterozygous angiosperms with small- to 
medium-sized fleshy edible fruits on woody perennial shrubs or vines. Although 
Vaccinium species includes blueberry, cranberry, lingonberry, bilberry, huckleberry, 
and whortleberry, the first three are commercially cultivated Vaccinium fruit crops.

Not many reports are available where bioreactor micropropagation has been used 
in Vaccinium species in a TDZ-supplemented liquid medium. A bioreactor system 
containing a liquid medium with TDZ combined with a semisolid gelled medium 
was used by Debnath (2011b) to propagate wild lowbush blueberries. Leaf seg-
ments were cultured on a semisolid gelled medium with 2.3 μM TDZ for 4 weeks 
followed by in liquid medium containing 1.2–2.3 μM TDZ for another 4 weeks. 
Leaf polarity and TDZ concentration had significant influence in callus formation 
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and shoot regeneration. Regeneration percentage was highest in the basal leaf seg-
ment followed by medial and apical leaf segments (Debnath 2011b) that collabo-
rates the previous findings on a semisolid gelled medium (Debnath 2009a). Shoot 
regeneration took place on both sides of the leaves but was better when leaf seg-
ments were cultured with their adaxial surface in contact with the culture medium 
(Debnath 2011b).

6.6  Characteristics of Micropropagated Plants

Enhanced vegetative growth including increased branching and/or rhizome produc-
tion is often observed in micropropagated small fruit crop plants (Debnath et al. 
2012; Fig. 6.2). The effect of propagation methods on the morphological and bio-
chemical properties of Vaccinium species was reported by various authors 
(Gustavsson and Stanys 2000; Debnath 2005d, 2006c, 2007c, 2008b; Foley and 
Debnath 2007; Debnath et al. 2012; Vyas et al. 2013; Goyali et al. 2015). In straw-
berry, Debnath (2009b) compared TDZ-induced regenerated strawberry tissue cul-
ture (TC) shoots that were elongated by treating with zeatin with those propagated 
by conventional runner cutting (RC) plants. TC plants produced more vegetative 
growth with more berries than those of RC plants. Berries produced by TC plants 
had also more anthocyanin contents and antioxidant activities than did RC plants 
(Debnath 2009b). This might be because the in  vitro hormonal treatment (TDZ, 
zeatin) could have effects to increase crown, runner, leave, and berry number per 
plant (Debnath 2009b). However, increased vegetative growth and berry yield of TC 
plants over RC plants are genotype dependent, and all genotypes did not produce 
enhanced growth and berry yield in raspberries (Debnath 2014b). TC plants had 
higher berry yield and more and longer canes and more berries than root cutting 
plants in cultivar “Festival” but not in “Latham” indicating genotype-dependent 
juvenile branching characteristics of “Festival” TC plants but not in “Latham” TC 
plants (Debnath 2014b). Similar results with micropropagated strawberries were 
also reported by Dalman and Malata (1997) for overwintering. Increased resistance 
to frost damage was observed in micropropagated strawberries than the runner 
plants (Rancillac and Nourrisseau (1989).

Fig. 6.2 Greenhouse- 
grown root cutting (left) 
and tissue culture (right) 
raspberry plants
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6.7  Clonal Fidelity and Molecular Analysis 
in Micropropagules

True-to-type propagules and clonal fidelity are prerequisites for commercial micro-
propagation. The use of in vitro propagation has concerns about genetic changes 
resulting from the process (Dale et al. 2008). Although production of true-to-type 
micropropagules is the main objective for mass propagation or conservation of a 
specific genotype, in vitro culture is also a tool to create new variation. In vitro 
culture-derived variation or somaclonal variation (Larkin and Scowcroft 1981) can 
broaden the genetic variation in small fruit crop plants resulting in a range of geneti-
cally stable variations useful in crop improvement (Jain 2001). Somaclonal varia-
tion can be genetic (heritable) and epigenetic (nonheritable). Somaclones were 
found to be regenerated from leaf culture (Popescu et  al. 1997), from somatic 
embryogenesis (Donnoli et al. 2001), and from leaf and petiole cultures irradiated 
with gamma rays (Kaushal et al. 2004). Debnath (2017) reported somaclonal varia-
tions in strawberries for fruit yield under field condition. Two TC plants had higher 
berry yield than those of other tissue culture plants and the runner cutting mother 
plant. However it was not identified whether these variations were genetic or epi-
genetic (Debnath 2017). Somaclonal variation can be due to changes in the structure 
and number of chromosomes, sister chromatid exchanges, transposable element 
activation, DNA methylation pattern alteration and activation of hypervariable DNA 
regions, and point mutations including deletion, addition, or substitution of nucleo-
tides and rearrangements in the nuclear and cytoplasmic genomes (Kaeppler et al. 
1998). Factors like genotype, ploidy level, degree of departure from organized meri-
stematic growth, explant type, donor plant age, types and concentrations of growth 
regulators used, auxin-cytokinin balance, duration of culture period, and number of 
subcultures are the possible causes for the origin of somaclonal variation (Henry 
et al. 1998).

There are many ways to monitor variation in micropropagated plants including 
evaluation at morphological, biochemical, physiological, and genetic levels. Vujović 
et  al. (2010) used cytological, flow cytometry, and isozyme analyses to monitor 
somaclonal variation in blackberry regenerants. Chromosome counting in root tip 
meristems and flow cytometry analysis indicated identical ploidy level in all TC 
plants although the peroxidase patterns showed differences between some in vivo 
and micropropagated plants (Vujović et al. 2010).

DNA markers are independent of environmental influences (Weising et al. 1995) 
and can be a powerful tool for assessing clonal fidelity in micropropagated small 
fruit crops. Markers that are available for genetic analysis of tissue culture-raised 
plants include random amplified polymorphic DNA (RAPD), amplified fragment 
length polymorphism (AFLP), inter simple sequence repeat (ISSR), restriction frag-
ment length polymorphism (RFLP), arbitrary primed polymerase chain reaction 
(AP-PCR), sequence characterized amplified region (SCAR), DNA amplification 
fingerprinting (DAF), simple sequence repeat (SSR), short tandem repeat (STR), 
sequence-tagged sites (STSs), expressed sequence tag-polymerase chain reaction 
(EST-PCR), and cleaved amplified polymorphic sequences (CAPS) derived from 
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EST-PCR markers (Debnath 2011a). While ISSR markers have been used to con-
firm trueness-to-type of bioreactor-derived micropropagated strawberries (Debnath 
2009b), EST-PCR markers showed similar monomorphic amplification profiles in 
lowbush blueberry micropropagules (Debnath 2011b). SSR markers have been used 
for monitoring clonal fidelity in raspberry micropropagules (Debnath 2014b). 
Somaclonal variation is likely to be associated with regeneration of plants through 
unorganized callus formation (Piola et al. 1999). However, axillary buds can also 
produce variant plants (Soneji et al. 2002).

6.8  Conclusions

Small fruit crops are being propagated increasingly using tissue culture methods to 
multiply massive amounts of disease-free, genetically uniform plants. Axillary 
shoot proliferation is a very simple and reliable method to produce true-to-type 
micropropagules, and it is more preferred over adventitious shoot regeneration and 
somatic embryogenesis in small fruit crops. The latter two, however, are also power-
ful tools for rapid propagation of small fruit crops, provided clonal fidelity of the 
micropropagated plants is maintained. TDZ possesses both cytokinin- and auxin- 
like effects in in vitro culture (Mok et al. 1982; Visser et al. 1992) and can provide 
significant role in small fruit micropropagation. Compared to other cytokinins, TDZ 
at lower concentration induces proliferation of axillary shoots, while at higher con-
centration it promotes both axillary and adventitious shoot formation in small fruit 
crops (Debnath 2005a, b, c, 2008a). In vitro organogenesis was found to produce 
genetically uniform and true-to-type micropropagules in strawberry (Debnath 
2009b), blueberry (Debnath 2011b), and raspberry (Debnath 2014b). Although bio-
reactor micropropagation is more cost-effective and ideal for automation, hyperhy-
dricity including morphological and physiological disorders is common in liquid 
culture-derived micropropagules (Debnath 2011a). Optimization of TDZ concen-
tration and culture conditions is needed for TDZ-induced bioreactor micropropaga-
tion in various small fruit crops.

Clonal fidelity is a major concern in small fruit micropropagation and can be 
monitored by DNA-based markers. Occurrence of variation during in vitro culture 
depends on factors like explant donor genotype, explant type, explant polarity and 
orientation on a culture medium, presence of chimeral tissue, media type, types and 
concentrations of plant growth regulators, culture duration, and cultural environ-
ment (temperature and light) (Debnath 2011a; Graham 2005). Micropropagated 
small fruit crops exhibit enhanced vegetative growth and can be used for rapid 
establishment and early fruit production. In vitro and molecular techniques are pow-
erful tools, and combined with classical breeding, they can be used in small fruit 
improvement program (Debnath 2011a, 2016b; Fig. 6.3).
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7TDZ in Cereal Gametic Embryogenesis

Patricio Esteves and François J. Belzile

Abstract

Gametic embryogenesis is defined as the process that allows immature pollen 
grains – microspores – to parthenogenetically become embryos. The process can 
successfully be induced at a high frequency under in vitro culture conditions in a 
wide number of crop species. Microspores are haploid cells carrying half the 
somatic number of chromosomes, but if either spontaneously or artificially their 
chromosomal complement is doubled during the embryogenic pathway, the 
resulting embryos will become diploid and perfectly homozygous. The products 
of gametic embryogenesis are therefore called doubled-haploid plants, which are 
coveted materials for research and for plant breeding. Yet, to be efficiently used in 
a plant breeding program, doubled haploids need to be produced at a high fre-
quency and in a reproducible manner. The efficiency and reproducibility of DH 
production are tied to the control of key factors intervening in the process. As is 
the case in many in vitro procedures, growth regulators play an important role in 
stimulating and guiding the process of orderly cell divisions leading to the regen-
eration of a complete plant from a single immature microspore. In this chapter, we 
review some of the key factors in this process with emphasis placed on the impor-
tant role played by growth regulators, among which thidiazuron (TDZ). To illus-
trate the utility of TDZ in cereal gametic embryogenesis, we describe a highly 
efficient protocol for producing doubled haploids (either via anther culture or 
isolated microspore culture) that relies on an innovative combination of growth 
regulators: thidiazuron and dicamba. In our hands, this protocol proved successful 
for producing high numbers of barley, wheat, and rice doubled haploids.

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-8004-3_7&domain=pdf
mailto:francois.belzile@fsaa.ulaval.ca


160

Keywords
Gametic embryogenesis · Cereals · In vitro culture · Doubled haploids · 
Thidiazuron · Dicamba

7.1  Overview

It was around 50 years ago that the first reports of doubled-haploid production in 
cereals started to be communicated in barley (Clapham 1973) and in rice (Guha- 
Mukherjee 1973). However, efficiency was then so low that these procedures could 
not make a meaningful contribution to breeding programs, and cereals were even 
considered recalcitrant to anther androgenesis (Foroughi-Wehr et al. 1976). Indeed, 
much higher success rates were being achieved in anther culture of species such as 
Datura innoxia and Nicotiana tabacum, where dozens of haploid plants could be 
easily obtained from just a few in vitro cultured buds (Guha and Maheshwari 1964; 
Nitsch and Nitsch 1969). In contrast, in barley, efficiencies of about 0.003–2 green 
plants per processed spike were being reported (Clapham 1973; Foroughi-Wehr 
et al. 1982; Foroughi-Wehr et al. 1984). In contrast, several years later very high 
rates of success were reported in several cereals such as wheat (Zheng et al. 2001) 
and barley (Kasha et al. 2001). Using isolated microspore culture in our lab, on a 
wide number of diverse barley F1 genotypes, we measured a mean efficiency of 
111.5 green plants per processed spike (Esteves et al. 2014). This dramatic increase 
in efficiency of about 10,000% along these years can essentially be explained by 
two factors. One is the replacement of anther culture by isolated microspore culture, 
and the other is the successive improvements made to the protocol  – including, 
among other parameters, changes to the type and concentration of growth regulators 
in culture media. Together, these lead to a very high frequency of microspore 
embryogenesis and green plant regeneration in cereals.

7.2  Introduction

7.2.1  Plant Hormones and In Vitro Culture of Plant Cells, Tissues, 
and Organs

Plant in vitro culture is a discipline which encompasses a very broad set of tech-
niques and methods, all having in common the use of synthetic culture media onto 
which cells, organs, tissues, or pieces of plants, called explants, are cultured for 
specific purposes. The discipline started to develop after the Austrian plant physi-
ologist Gottlieb Haberlandt (1902) hypothesized that plant cells are “totipotent,” 
meaning that they have the capacity to regenerate a complete individual under the 
proper circumstances and provided with adequate conditions in culture. Also, he 
stated that in order to regulate the proper division, growth, and differentiation of 
cultured cells, “growth factors” had to be provided. Amazing as it may seem, this 
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time, Haberlandt did not have the experimental means to test his hypothesis, but he 
was nonetheless beginning to establish the fundamentals of what was going to 
become the field of plant in  vitro culture as a discipline (Murashige 1979). The 
reprogramming of young pollen grains (microspores) to produce embryos, also 
referred to as gametic embryogenesis or androgenesis, clearly confirmed 
Haberlandt’s hypothesis about the totipotency of plant cells (Soriano et al. 2013). 
The process, in addition to its applied uses in breeding, provides an experimental 
system that allows a close insight into the causes and factors involved in the deter-
mination of fate and differentiation in plant morphogenesis. As mentioned above, 
from a practical point of view, DHs are exceptional resources either for research in 
plant genetics and genomics and to be exploited in crop breeding programs as well.

7.2.2  The Emergence of Doubled-Haploid Production

In higher plants, gametes are haploid cells where the normal, somatic number of 
chromosomes has been reduced by half. Embryos can be induced to form 
parthenogenetically from these haploid cells by a process called gametic 
embryogenesis (Olmedilla 2010). When male gametes are involved, the process is 
called “androgenesis,” while “gynogenesis” describes the process where the female 
gametes are used (Germanà 2011). If a spontaneous doubling of the haploid number 
of chromosomes during the very early beginning of the embryogenesis process 
occurs, or if it is induced by treatment with chemical compounds such as colchicine, 
the resulting plants will carry perfectly identical copies of each of its chromosomes. 
It is this kind of product that is called a doubled haploid (DH). Because of their 
origin, DHs will be 100% homozygous, which means that genetic fixation can be 
obtained in the immediate progeny of an F1 plant. It is worth noting that between 
eight and ten  cycles of selfing would be necessary to obtain a similar level of 
homozygosity (Dunwell 2010; Germanà 2011). A large population of DHs can be 
considered as a representative sample of the products of genetic recombination of 
their parental genes. Thus, DH production techniques allow the shortening of the 
length of a breeding cycle (from one cross to the next) by several years (Forster 
et al. 2007).

7.3  Obtaining Doubled Haploids

7.3.1  Current Methods for DH Production

Several methods for obtaining DHs have been developed in different species. For 
instance, interspecific crosses can lead to DH progeny following elimination of the 
set of chromosomes from the “exotic” parent (Kasha and Kao 1970), a method 
which is often used in barley and wheat (Devaux 2003). In maize, DHs are obtained 
by crosses made within the same species using as the male parent a genotype 
inducing haploidy (Prigge and Melchinger 2012). Also, pollinating with irradiated 
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pollen, as reported in watermelon by Sari and Abak (1994)), is another method used 
to obtain haploids. Alternatively, in vitro culture of ovaries – gynogenesis – has also 
been reported as a method for producing DHs, as in barley by Castillo and Cistué 
(1993), in Beta vulgaris by Bossoutrot and Hosemans (1985), in Helianthus annuus 
by Cai and Zhou (1984), and in Allium cepa by Campion and Alloni (1990). 
However, to the best of our knowledge, in none of these crops, the gynogenetic 
method for producing DHs reached the efficiency required to be of use in a breeding 
program. Compared to these alternatives, in vitro androgenesis – including both the 
methods of anther culture (AC) and of isolated microspore culture (IMC) – is often 
recognized as the most efficient and thus the preferred approach for producing DHs 
in crop species (Devaux and Kasha 2009).

7.3.2  Anther Culture and Isolated Microspore Culture: 
The Techniques

Anther culture was developed starting from the work of Guha and Maheshwari 
(1964, 1966) in obtaining haploid embryos of Datura innoxia Mill. when they 
cultured anthers in a defined culture medium. Clapham (1973) was the first to report 
the production of haploid plants of barley using AC. Next, by the late 1970s and 
throughout the 1980s, a huge amount of research was directed toward the 
improvement in the efficiency of androgenesis in cereals. From the very beginning 
of this period, the vast majority of this work focused on rice and on barley, and, a 
few years later, some varieties of these crops were considered as “model responsive 
genotypes” for both AC and microspore embryogenesis (Forster et  al. 2007; 
Begheyn et al. 2016). Until today, there has been an impressive gain in efficiency in 
obtaining the androgenetic response (Devaux and Kasha 2009), and nowadays 
several efficient protocols are available (Jacquard et al. 2003; Cistué et al. 2003; 
Szarejko 2003).

Essentially, AC consists of first culturing the donor plants under optimal condi-
tions of mineral nutrition, watering, lighting, temperature, and humidity. Next, at 
the proper stage of development of the microspores, stalks are harvested and spikes 
“pretreated” (Hoekstra et al. 1997) with a stress treatment, so that the microspores 
are stimulated to switch from the gametophytic pathway to the sporophytic pathway 
(Touraev et al. 2001; Devaux and Kasha 2009) (Fig. 7.1). Next, anthers are extracted 
from the florets and put in culture onto a defined induction medium, where embryos – 
often called “embryo-like structures” (ELSs) – might start to form inside the anthers 
containing responsive microspores. The ELSs are next recovered and transferred 
onto a regeneration medium where they will germinate and regenerate the DH 
plants (Fig. 7.2).

The IMC method to obtain DHs was developed more recently. Among the first 
reports, the work of Hunter (1988) in barley is one of the most exhaustive. As 
happened with AC, the efficiency of IMC was greatly improved in the following 
years. At present, this latter method is considered to significantly surpass AC and 
the Bulbosum method (interspecific cross) in its potential to produce DHs (Davies 
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and Morton 1998; Li and Devaux 2005). In our own work (Esteves et al. 2014), we 
found IMC to be at least five times more efficient than AC in six-row spring barley. 
Indeed, IMC allows to plate large populations of selected, synchronized, viable, and 
embryogenic microspores (Li and Devaux 2005) through a series of steps of the 
protocol, including (1) blending the spikes, (2) filtering the produced extract through 
a 100 μm sieve, (3) rinsing several times the crude isolate of microspores, and (4) 
performing a discontinuous gradient centrifugation to greatly enrich for competent 
and viable microspores (Wenzel et al. 1975; Bedinger and Edgerton 1991) (Fig. 7.3). 
A detailed description of our IMC protocol is presented in Esteves et al. (2014). 

Fig. 7.1 Freshly isolated, non-pretreated microspore (left). After the pretreatment, embryogenic, 
competent microspores often display the “starlike” phenotype (center) (Maraschin et al. 2005) that 
characterizes them. After a few days in culture, divisions inside the embryogenic microspores 
become evident (right)

Fig. 7.2 A comparison of IMC (upper row: in rice to the left and barley at the center and to the 
right) and AC (row below: in wheat to the left and rice at the center and to the right). In IMC a 
massive production of ELSs is obtained, and both the control of the process and the manipulation 
of its products are much more facilitated. Both methods, in the three species mentioned here, were 
performed using induction medium containing TDZ and DIC
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Other protocols with slight differences are reported by Kasha et al. (2001) and by 
Maluszynski et al. (2003).

After harvesting the stalks and pretreating the spikes (microspores), only a small 
fraction of the microspores will engage in the sporophytic pathway. Among the 
differences existing between AC and IMC, one essential feature is that the latter, 
through the density gradient centrifugation, allows the selection of the fraction of 
viable microspores that are competent to engage in embryogenesis. At the same 
time, IMC allows a better follow-up and control of the cultures, because microspore 
embryogenesis is much better synchronized. For its part, AC requires less lab 
equipment and is more labor-intensive.

Fig. 7.3 Isolated microspore culture in barley performed with TDZ and DIC. Upper row, left: the 
product of the gradient centrifugation – a selection of viable, embryogenic microspores (orange 
upper arrow) and the debris (red arrow below). In the following panels (left to right), the 
development of microspores in culture is evident as they start dividing until, after 12–15 days, 
masses of ELSs are produced (bottom row, left). When the latter are transferred to a regeneration 
medium, these regenerate into green DH plants (bottom row, right)
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7.4  Gametic Embryogenesis: Impact of the Genotype

It is widely reported in the literature that success in obtaining the embryogenic 
response of microspores is strongly influenced by the genotype (Torp and Andersen 
2009; Cistué et al. 1999; Marchand et al. 2008; Devaux and Kasha 2009; Makowska 
et al. 2015). Indeed, it has been proposed that microspore embryogenesis and plant 
regeneration might be under the control of separate classes of genes (Henry et al. 
1994; Szakacs et  al. 1988), as might be factors determining the regeneration of 
green or albino plants which very often are regenerated (Li and Devaux 2005; 
Weyen 2009). These are heritable traits (Foroughi-Wehr et  al. 1984), highly 
influenced by the growth conditions of the donor plants and by the composition of 
the culture media (Kasha 1989; Knudsen et al. 1989; Simmonds 1989). Thus, for 
instance, Davies (2003) reported up to 1000 green plants regenerated per processed 
spike for a group of barley (winter-type) genotypes, while for spring-type barleys, 
the rate was only 10–20 green plants per spike. However, Atanassov et al. (1995) 
and Olmedilla (2010) identified factors of the protocol that, when optimized, lead to 
significant improvements in the production of DHs over genotypes displaying an 
otherwise poor response. The same has been observed in our lab when performing 
IMC on six-row spring barley, the type recognized as the most recalcitrant to in vitro 
androgenesis. We obtained a significant improvement in DH production when we 
optimized the pretreatment (30% increase in production) and the hormone regime 
used in the culture media (250% increase). Among the key changes in this regard 
were the use of thidiazuron (N-phenyl-N′-1,2,3-thiadiazol-5-ylurea, TDZ) and 
dicamba (3,6-dichloro-O-anisic acid, DIC) as growth regulators in the induction 
medium. In both cases the gain was due both to a higher frequency of embryogenesis 
and a reduction in albinism as well. Also, by these means the response to androgenesis 
increased very significantly in almost all the genotypes processed, such that the 
proportion of F1s that yielded a useful number of DH lines exceeded 90% in our 
work. This is in stark contrast with the situation prior to these improvements, where 
only a subset (typically less than a third) of F1s responded sufficiently well in 
androgenesis to produce useful sets of progeny (Esteves et al. 2014). Moreover, we 
have recently obtained evidence suggesting that this very same protocol is also 
efficient in producing DHs of diverse genotypes of other species, such as wheat and 
rice (Esteves, unpublished).

7.5  In Vitro Controlling Factors in DH Production

7.5.1  Composition of the Basal Culture Medium

Optimizing culture media composition, both at the levels of the induction of micro-
spore embryogenesis and of the regeneration phase, is an important aspect in andro-
genesis of cereals as it provides nutrition and also determines the fate of microspores 
(Santra et al. 2012; Mishra and Rao 2016). For instance, even though green plant 
regeneration is admittedly under strong genetic control, adjustments to 
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environmental conditions to which cells or explants in culture are exposed can 
change the genetic response (Zhou et al. 1991).

The composition of the basal culture medium for in vitro androgenesis typically 
consists of slight or more conspicuous modifications of the highly generalized MS 
medium (Murashige and Skoog 1962). Some of the commonly used basal media for 
the induction phase in AC or IMC in cereal species are the IMI medium for barley 
(Li and Devaux 2001); the N6 medium for rice, maize, and wheat (Chu et al. 1975); 
and the W14 medium for oats (Ouyang et al. 1989). Although the diverse species 
and genotypes usually show different basal medium requirements to induce plant 
regeneration from microspores, there are some major common improvements 
reported in the literature involving (1) the type of sugar (Cai et al. 1992; Navarro- 
Alvarez et al. 1994; Lentini et al. 1995), (2) the nitrogen source (Jähne and Lörz 
1995; Raina and Zapata 1997; Lu et  al. 2016), (3) the organic additives (Powell 
1990; Hoekstra et al. 1992), and (4) the type and concentration of growth regulators 
(plant hormones) (Schulze 2007; Germanà 2011).

7.5.2  Growth Regulators and In Vitro Androgenesis

7.5.2.1  Hormones and In Vitro Gametic Embryogenesis
Plant growth regulators and hormones are known as key signaling molecules con-
trolling plant growth and development, as well as initiating signal transduction path-
ways in response to environmental stimuli (Kohli et al. 2013). The plant hormones, 
mainly auxins and cytokinins, are known to control the dedifferentiation process in 
plant in vitro cultures, and the rate of success can be enhanced by manipulating the 
plant growth regulators (Mishra and Rao 2016). Among the auxins, 2,4-dichloro-
phenoxyacetic acid (2,4-D) and naphthalene-acetic acid (NAA) are the most com-
monly used growth regulators for the induction of callus from rice anthers 
(Trejo-Tapia et al. 2002). However, neither 2,4-D nor NAA can support regeneration, 
and the use of cytokinins like kinetin (KIN) and 6-benzyl-aminopurine (BAP) is 
required (Mandal and Gupta 1995). In barley AC, weaker auxins at low concentration 
have been commonly used, but in some cases the auxin has been omitted, leaving 
the cytokinin BAP as the sole growth substance (Hunter 1988; Kihara et al. 1994). 
In addition, Huang (1984) found that another type of hormone, abscisic acid (ABA), 
may promote barley green plant regeneration. Hoekstra et al. (1997) stated that the 
right hormone in the culture medium of microspores is necessary for the induction 
of plant production, and in barley they achieved this either with the application of a 
cytokinin (BAP) or 2,4-D in the culture medium. Alternatively, Kasha et al. (2001) 
using IMC in barley, and Ziauddin et al. (1992) using AC and IMC in barley and 
wheat, included the naturally occurring auxin phenylacetic acid (PAA) together 
with BAP in the induction medium and the cytokinin only in the regeneration 
medium, and they both improved significantly the production of ELSs and green 
DH plants. In our lab we tried to reproduce this PAA-based protocol, without 
success. It has been proposed that the action of PAA is dependent on plant growth 
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and its associated endogenous levels of auxin (Kasha et al. 2001), and thus more 
experimentation might be necessary to optimize it use.

While there are some reports suggesting that growth regulators are not essential 
for microspore embryogenesis in most plant species (Olmedilla 2010), it has also 
been reported that recalcitrant and low-responding wheat and barley genotypes 
became responsive following a pretreatment with chemicals, including growth 
regulators (Liu et al. 2002), or by changing the hormone composition of the culture 
medium (Esteves et al. 2014). Aligned with these results, Shariatpanahi et al. (2006) 
obtained a significantly higher frequency of embryogenesis and higher green plant 
regeneration from wheat microspores when growth regulators were included in the 
induction medium, compared to when they were not. Either alone or in combination, 
various types of auxins and cytokinins have been used in media designed for in vitro 
androgenesis (Cistué et al. 1999; Devaux and Pickering 2005; Datta 2005), and the 
inclusion of these plant growth regulators has been shown to modify embryogenesis 
and plant regeneration frequencies (Tyankova and Zagorska 2008).

At the beginning of the development of IMC in barley, Hunter (1988) used an 
induction medium containing only 1.0 mg/l of the auxin IAA (indoleacetic acid) as 
growth regulator, and he compared it to five others containing 1.0  mg/l of the 
cytokinins [BAP, KIN, zeatin (ZEA), zeatin riboside (ZEAr), or 6-γ-γ-
(dimethylallylamino)-purine (2iP)]. He concluded that there existed differences in 
androgenesis that were attributable to this factor, and it was BAP that provided the 
best result. Then, to a medium containing 1.0 mg/l of BAP, he compared four other 
media containing one of our auxins, either IAA, indole butyric acid (IBA), NAA, or 
2,4-D, and concluded that IAA provided the best response. Yet, as he subsequently 
found a negative correlation between the concentration of IAA (between 0 and 
1.0 mg/l in the medium) and the regeneration of green plants, he concluded that an 
optimal induction medium would only contain the cytokinin BAP at a rate of 
1.0 mg/l. He named this developed induction medium as FHG, which was to become 
one of the most commonly used in androgenesis in barley all over the world (Devaux 
and Pickering 2005).

As described above, the effects of plant growth regulators in in vitro androgen-
esis have been considered controversial (Devaux and Pickering 2005). However, 
based on our own experience, hormone composition of induction and regeneration 
media in in vitro androgenesis is a key success factor in obtaining high frequencies 
of embryogenesis and the regeneration of green DH plants. Indeed, when we 
included TDZ as a growth regulator in the induction medium, together with the 
auxin DIC, a massive embryogenic response was obtained, and at the same time, 
both the total number of green regenerated plants and the ratio of green to albino 
plants increased dramatically compared to the standard BAP-based induction 
medium (Esteves et al. 2014).

7.5.2.2  The Role of Cytokinins in Gametic Embryogenesis
If the impact of growth regulators in inducing gametic embryogenesis has been a 
matter of discussion in the literature, to a certain degree, it is much less so in the 
case of somatic embryogenesis. Somatic embryogenesis is the process by which 
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diploid, somatic plant cells differentiate into somatic embryos. Any differentiated 
plant cell that retains its nucleus has the ability to revert to the embryogenic 
condition and regenerate an entire plant (Reynolds 1997). Somatic embryo formation 
usually requires first a treatment of diploid cells with plant hormones, mostly auxin 
but also cytokinins, under specific culture conditions, and later auxin withdrawal to 
allow embryogenesis to continue (Toonen et  al. 1994; Cistué and Kasha 2005). 
Indeed, in the majority of species studied where exogenous plant growth regulators 
were necessary for inducting somatic embryogenesis and embryoid formation, both 
auxins and cytokinins were shown to be key factors in determining the response 
(Jimenez 2005).

Plant regeneration, regardless of ploidy level, occurs by either somatic embryo-
genesis or organogenesis (Rybczynski et al. 1991). It has been proposed that both 
types of embryogenesis, somatic and gametic embryogenesis, are regulated by the 
same basic cellular mechanisms, namely, cell expansion and asymmetric cell divi-
sion (De Jong et al. 1993). Also, signal molecules, such as hormones and growth 
regulators, have been shown to play a role during both types of embryogenesis 
(Dodeman et  al. 1997). Considering that both TDZ and DIC are reported to be 
efficient growth regulators capable of inducing direct and indirect somatic 
embryogenesis, we decided to experiment with them in gametic embryogenesis in 
barley via IMC. The experiments were to be carried out in two steps: The first was 
to evaluate replacing the classically used cytokinin BAP (at 1.0 mg/l) by TDZ at a 
range of concentrations (0.1, 0.3, and 1.0 mg/l). The second step focused on the 
impact of replacing BAP by both TDZ (included at the concentration which had 
performed best in the first step) and the auxin DIC at a range of concentrations (0.1, 
0.3, and 1.0 mg/l). Four contrasting genotypes were chosen for this experiment: one 
winter, two-row type (Igri); one spring, two-row type (Gobernadora); and two 
spring, six-row types (ACCA and Léger). Our results showed that when BAP was 
replaced by TDZ alone, we did not observe statistically significant differences for 
the parameters tested (total number of green plants, total number of albino plants, 
and green/albino plants ratio; Table 7.1). BAP and TDZ have very similar molecular 
weights (225.25 and 220.25 g/mol, respectively), so this taught us that even at 1/10 
of its molar concentration, TDZ was as potent as BAP in inducing embryogenesis 
and ELS formation. Next, contrasting results were observed during the second step 
of the experiment: when BAP was replaced by the combination of TDZ (0.3 mg/l) 
and DIC (1.0 mg/l), the number of regenerated green plants increased consistently, 
and significantly, with increasing concentrations of DIC (Table 7.1). Averaged over 
the four barley cultivars, all three induction media including DIC and TDZ produced 
significantly more green plants than the BAP check. Indeed, relative to the control, 
the TDZ (0.3 mg/l) + DIC (1.0 mg/l) treatment produced greater than five times 
more green plants on average (176.0 vs. 34.4 green regenerated plants/105 
microspores, respectively; P < 0.01), whereas the number of albino plants produced 
did not change significantly (197.1 vs. 162.4; P  =  0.249). Thus, the observed 
increase in the total number of plants/105 microspores (373.1 vs. 196.8, P < 0.001) 
could be almost entirely ascribed to an increase in the production of green plants. As 
can also be seen in Table 7.1, the green/albino plant ratio increased dramatically 
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from 0.21 for the control treatment up to 0.89 for the TDZ 0.3 mg/l+DIC 1.0 mg/l 
treatment (P < 0.01). Since the mean number of albino plants was not significantly 
different among all the treatments, it is clearly the increasing number of green 
regenerated plants, produced at increasing concentrations of the auxin, that allowed 
the green/albino plant ratio to increase significantly (5.1-fold).

7.5.2.3  TDZ and In Vitro Embryogenesis
In cereal somatic embryogenesis, TDZ, in combination with the auxins 2,4-D and 
NAA, has been shown to improve more than threefold the response of recalcitrant 
indica rice varieties when compared to some other cytokinins such as ZEA, BAP, 
KIN, and 2iP (Wenzhong et al. 1994). Improved regeneration frequencies were also 
described for Australian rice varieties when combining TDZ with the auxin NAA, 
instead of using BAP alone, for mature embryo-derived callus production (Ahzria 
and Bhalla 2000). Similarly, using mature embryos as explants, Parmar et al. (2012) 
reported that a considerable improvement in the regeneration frequency (up to 97%) 
and in the average number of shoots was obtained with a combination of TDZ and 
2,4-D.

Although TDZ has proved useful in inducing somatic embryogenesis and even 
allowed improving the response of recalcitrant species in several instances, it has 
seldom been tested in gametic embryogenesis in cereal species, and the only existing 
reports in the literature proved either unsuccessful or nonconclusive. For instance, 
Ouédraogo et al. (1998) reported that the addition of 0.01 mg/l of TDZ in AC of 
Hordeum vulgare increased or decreased the number of embryos per 100 anthers, or 
it had no effect, depending on the cultivar. Also, Kiviharju et al. (2005) added TDZ 
as a supplement in induction media in AC of oats (0.2 and 0.5 mg/l) and found no 
benefits or even a reduction of the regeneration efficiency in relation to the other 
cytokinins such as ZEA, 2iP, KIN, and BAP. In fact, at the same concentrations as 
TDZ, the latter cytokinins performed much better in embryogenesis and green plant 

Table 7.1 Comparison of the impact of replacing BAP with three levels of TDZ (first phase of the 
experiment) and by 0.3  mg/l of TDZ + DIC (three levels of DIC; second phase) in induction 
medium of barley IMC

Growth regulator (mg/l) Green plants Albino plants Total plants Green/albino plants
First phase
BAP 1.0 33.2a 161.2a 194.4a 0.21a

TDZ 0.1 42.1a 143.1a 185.2a 0.29a

TDZ 0.3 40.1a 133.4a 173.5a 0.30a

TDZ 1.0 37.5a 101.5a 138.5a 0.37a

Second phase
BAP 1.0 34.4a 162.4a 196.8a 0.21a

TDZ 0.3 + DIC 0.1 66.9b 173.6a 240.5a 0.38ab

TDZ 0.3 + DIC 0.3 107.0c 178.8a 285.8b 0.60bc

TDZ 0.3 + DIC 1.0 176.0d 197.1a 373.1b 0.89c

Numbers in the table correspond to regenerated plants per 105 microspores plated. Different letters 
correspond to significant (P < 0.05) differences
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regeneration. In contrast with these previous results, in our lab, after a step-by-step 
adjustment of the optimal concentrations, we found that 0.3 mg/l of TDZ together 
with 1.0 mg/l of DIC in the induction medium dramatically increased the yield of 
green plants/spike, by simultaneously increasing the frequency of both gametic 
embryogenesis and green plant regeneration and reducing albinism as well. Further 
experimentation leads us to reduce the DIC concentration in the induction medium 
to 0.6  mg/l as, at the higher dose, regenerated plants seemed to suffer from 
vitrification. Using this latter formulation (TDZ at 0.3 and DIC at 0.6 mg/l) allowed 
us to produce hundreds of DHs of a wide array of recalcitrant barley genotypes in a 
reproducible fashion over several years, and this same induction medium has 
recently proved efficient to obtain massive embryogenesis and plant regeneration in 
wheat and rice (unpublished results).

7.6  Conclusion and Perspectives

It has been recently proposed that plant growth regulators, which cross talk and 
interact with the plant’s genotype and environmental factors, play a crucial role in 
microspore embryogenesis, controlling microspore-derived embryo differentiation 
and development as well as haploid/doubled-haploid plant regeneration (Żur et al. 
2015). In agreement with this, we observed a significant positive impact in gametic 
embryogenesis of cereal species provided by modifying the types and concentrations 
of auxins and cytokinins in the induction medium. To the best of our knowledge, 
this is the first report of a substantial benefit of the inclusion of TDZ, together with 
the auxin DIC, in a gametic embryogenesis protocol. Replacing the traditionally 
used cytokinin BAP used alone by the cytokinin TDZ + the auxin DIC allowed not 
only to nearly double the total number of regenerated plants but also increased by 
4.1-fold the ratio of green/albino plants. Even if it is well known that cytokinins are 
involved in the control of chloroplast biogenesis and function (Zubo et al. 2008) and 
also in chlorophyll synthesis (Ricci et  al. 2001), the role played by the auxin- 
cytokinin ratio in increasing the proportion of green regenerated plants is not clear 
and would deserve further research (i.e., it remains to be determined whether the 
same kind of improvement would be seen using other types of auxin-cytokinin 
combinations). Nonetheless, we observed that this same hormone formulation, 
including TDZ and DIC, proved useful to obtain high numbers of green DHs in a 
diverse array of barley genotypes and in rice and wheat as well, using either AC or 
IMC. Thus, we believe that the adjustment of the ratio and dosage of this highly 
efficient combination of auxin and cytokinin (TDZ and DIC) might be a key to 
overcoming the recalcitrance to DH production in other species and genotypes, such 
as indica races of rice and leguminous, woody, and fruit tree species. More research 
would be warranted to test this hypothesis, which would speed up breeding projects 
dealing with these species. Also, such research might shed further light on the 
sporophytic pathway leading to DH plants.
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Preconditioning of Nodal Explants 
in Thidiazuron-Supplemented Liquid 
Media Improves Shoot Multiplication 
in Pterocarpus marsupium (Roxb.)
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Abstract
Pterocarpus marsupium Roxb. (Fabaceae), commonly known as “Bijasal” or 
“Indian Kino,” is a potential herbal drug-yielding tree since ancient times. In the 
present study, an efficient micropropagation system was developed for propaga-
tion of this valuable forest tree by pretreating the nodal explant in thidiazuron 
(TDZ) in half-strength Murashige and Skoog (MS) liquid medium before their 
inoculation onto the full-strength MS semisolid medium containing meta- 
Topolin (mT), a new aromatic cytokinin, at different doses either singly or in 
combination with auxins. Among the treatments tried, nodal explants treated 
with TDZ (10.0 μM) for 8 days followed by transfer to MS medium containing 
mT (5.0 μM) + NAA (1.0 μM) were found to be most effective combination in 
inducing maximum shoot number (11.16 ± 0.16) with an average shoot length 
(4.9 ± 0.13 cm) and maximum regeneration frequency (85%). A proliferating 
shoot culture was established by subculturing the original nodal explants on 
shoot multiplication medium supplemented with meta-Topolin after each harvest 
of newly formed shoots. For root induction, basal end of isolated shootlets  
(≥ 4.0 cm) was treated with high dose of indole-3-butyric acid (150.0 μM IBA) 
solutions for 1 week followed by their transfer to half-strength MS supplemented 
with low doses of IBA (1.5 μM) in the medium which produced an average of 
(6.32 ± 0.26) roots with mean root length (4.05 ± 0.27 cm) in 80% shootlets, 
after 4 weeks of culture transfer. The regenerated plantlets with proper root sys-
tem were successfully acclimatized to field condition with 75% survival rate.
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Abbreviations

BA 6-Benzyladenine
CKs Cytokinins
IAA Indole-3-acetic acid
IBA Indole-3-butyric acid
MS Murashige and Skoog medium
mT Meta-Topolin
NAA α-naphthalene acetic acid
NS Nodal segment
PGRs Plant growth regulators
TDZ Thidiazuron

8.1  Introduction

World Health Organization (WHO) has assessed that approximately 80% of the 
people of developing countries depend on herbal drugs, and about 25% drugs 
obtained are from plants resources (Akshay et al. 2014). However, several countries 
including India are facing acute problems in maintaining the population of medici-
nal plants because of anthropogenic activities, unrestrained exploitation, pathogen 
attacks, plant diseases, low seed viability, or more recently climate change and 
uncontrolled use for making furniture goods, etc. These activities have resulted in 
the sharp decline in the population of many plant species. Pterocarpus marsupium 
Roxb. (Fabaceae) is a lofty, highly medicinal valued, and multipurpose forest tree 
of India. An aqueous extract of heartwood contains 5,7,2–4 tetrahydroxy 6–6 
isoflavone- glucoside which are potent antioxidant and used to cure cardiovascular 
diseases, vasodilation, and inhibition of platelet aggregation (Mohire et al. 2007). 
Ethanolic extract of stem bark contains lupeol, tetradecanoic acid, and octadecadi-
enoic acid which are very reputed components known to have cancer preventive and 
antitumor properties (Maruthupandian and Mohan 2011). One of the biggest prob-
lems with this plant is its low percentage of seed germination because of hard fruit 
coat and poor seed viability in natural environmental conditions. Micropropagation 
can offer great advantages over traditional method of plant propagation, and through 
this approach, a single explant can give rise to many plantlets within few months. 
Plant regeneration through in vitro techniques is potentially utilized in several areas 
like roadside tree plantation, forestry, and plant-derived pharmaceutical industries.

In the present study, an attempt has been made to improve regeneration effi-
ciency by giving a pretreatment with thidiazuron (TDZ) followed by their transfer 
to a secondary medium enriched with various dose of meta-Topolin (mT). The mT, 
a hydroxylated 6-benzyladenine derivative, is a new phytohormone identified in dif-
ferent plants and extracted from poplar leaves (Strnad et al. 1997). It promotes shoot 
elongation and multiplication in many plant species (Kubalakova and Strnad 1992; 
Werbrouck et al. 1996). It has the same mode of action to that of other cytokinins 
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such as benzyladenine, kinetin, etc. with small difference in molecular structure and 
has found to be effective in micropropagation system (Strnad et  al. 1997). The 
intention of our study was to examine the role of TDZ in combination with mT on 
shoot induction and multiplication of axillary buds from nodal explant for develop-
ing a reliable in  vitro regeneration protocol for procurement of true-to-type and 
healthy plantlets with maximum survival rate in natural condition.

8.2  Materials and Methods

8.2.1  Establishment of Aseptic Seedlings

Mature winged fruits of Pterocarpus marsupium were collected from forest area of 
Kharsia, District Raigarh (Chhattisgarh). The healthy seeds were excised from the 
fruits with the help of eastman stripper cutter and washed under running tap water 
for 15 min, treated with 1% Bavistin, again washed under running tap water for 
about 15 min, treated with a laboratory detergent (Labolene, Qualigens, India) 5% 
(v/v) for 10 min followed by 5–6 washes with sterilized distilled water. The treated 
seeds were imbibed in distilled water for 24 h to remove leachates and surface steril-
ized with 0.1% (w/v) HgCl2 for 4 min under aseptic condition following repeated 
washes with sterile distilled water in order to remove traces of sterilant and placed 
on ½ MS (Murashige and Skoog 1962) medium for seed germination. Nodal seg-
ment (1.0–1.5 cm) was excised from 4-week-old aseptic seedlings and transferred 
on sterile culture medium containing various growth regulators (Fig. 8.1a, b).

8.3  Media and Culture Condition

The nutrient medium used in all the experiments consisted of MS salts and vitamins 
with 3% (w/v) sucrose (Qualigens, India) as a sole carbon source for plant growth 
in vitro and gelled with 0.75% (w/v) bacteriological grade agar (Qualigens, India) 
for shoot regeneration. The pH of media was adjusted to 5.8 with 1 N NaOH or HCl 
prior to autoclaving at 121 °C for 18 min. All culture tubes were incubated at 24 ± 
2  °C under 16/8  h (light/dark) cycle with a photosynthetic photon flux density 
(PPFD) of 50  μmol m−2 s−1 provided by cool white fluorescent tubes (Philips, 
Kolkata, India) with 55 ± 5% relative humidity, regularly checked by thermohy-
grometer (Testo, India Pvt. Ltd.).

8.4  Experimental Design

The experiments were conducted in two sets; in the first set, 4-week-old aseptic 
nodal segments were treated in half-strength MS liquid medium containing various 
doses of TDZ (0.5, 2.5, 5.0, 10.0, or 20.0 μM; Fig. 8.1c) for different durations  
(4, 8, 12, or 16 days; Table 8.1). The exposure of TDZ was conduct in 50 ml liquid 
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media on a rotatory shaker at 120 rpm for different time periods in optimum culture 
condition. MS medium without TDZ supplementation served as control. In order to 
determine the optimal exposure concentration and duration, each culture flask was 
carefully observed with regard to bud breaking. Following the initial pretreatment, 
the explants pretreated with optimized exposure dose and duration with TDZ were 
transferred to a secondary medium. In the second set, TDZ-pretreated nodal explants 
were inoculated on full-strength MS semisolid medium supplemented with various 
concentrations of mT (0.5, 2.5, 5.0, 7.5, or 10.0  μM; Table  8.2) singly or in 

Fig. 8.1 In vitro regeneration of Pterocarpus marsupium (Roxb.). (a) A 4-week-old aseptic seed-
ling. (b) NS explant obtained from 4-week-old aseptic seedlings. (c) NS explant treatment in TDZ 
containing ½ MS liquid medium. (d) Shoots induction from NS explant on MS + mT (5.0 μM), 
after 4 weeks of culture. (e) Shoot induction from TDZ-pretreated NS on MS + mT (5.0 μM), after 
4 weeks of culture. (f) Shoot multiplication from TDZ-pretreated NS on MS + mT (5.0 μM), after 
8 weeks of culture. g. Pretreatment of isolated shootlet for root induction on ½ MS (liquid) + IBA 
(150.0 μM), employing a filter paper bridge. (h) An in vitro rooted shootlet on ½ MS (semisolid) 
+ IBA (1.5 μM), after 2 weeks of culture transfer. (i) A 4-week-old well-rooted plantlet. (j) An 
acclimatized plantlet (2 months old) in Soilrite

A. Ahmad et al.



179

combination with IAA or NAA at various concentrations (0.5, 1.0, or 1.5  μM; 
Table 8.3) for further proliferation and elongation of microshoots. Cultures were 
subcultured onto the same fresh media after every 3 weeks. Data on percentage of 
shoot regeneration, number of shoots per explant, and average shoot length were 
recorded after 4 weeks of subculture.

8.5  In Vitro Rooting

Healthy, well-elongated in vitro raised microshoots of about 4–5 cm in length with 
three to five fully expanded leaves were isolated from 8-week-old cultures, and 
rooting was achieved following two-step procedure previously established by Anis 
et al. (2005) in P. marsupium with few modifications. In the first step, the basal end 

Table 8.1 Effect of various doses of TDZ on axillary shoot bud breaking from 4-weeks old asep-
tic nodal segments on half-strength MS liquid medium at different durations

Hormone (μM) Days
TDZ 4 8 12 16
0.0 − − × ×
0.5 − − − ×
2.5 − + + −
5.0 + + ++ +
10.0 ++ +++ + −
20.0 + − × ×

Where, ‘−ʼ no response; ‘+ʼ responsive; ‘++ʼ moderately responsive; ‘+++ʼ best responsive; ‘×ʼ 
explant dead

Table 8.2 Effect of various concentration of mT on multiple shoot induction from pretreated 
nodal segment on MS medium, after 4 weeks of incubation

Cytokinins (μM)
% Response Mean shoots/explant Mean shoot length (cm)TDZ- Pretreated mT

− 0.00 00 0.00 ± 0.00f 0.00 ± 0.00e

− 0.5 10 2.24 ± 0.21e 1.83 ± 0.22cd

− 2.5 30 3.81 ± 0.28cd 2.54 ± 0.20b

− 5.0 55 5.65 ± 0.24b 2.92 ± 0.04b

− 7.5 25 3.37 ± 0.25d 2.44 ± 0.35bc

− 10.0 15 1.68 ± 0.21e 1.56 ± 0.16d

10.0 0.5 25 3.44 ± 0.17d 1.61 ± 0.23d

10.0 2.5 50 5.42 ± 0.10b 2.76 ± 0.06b

10.0 5.0 70 7.53 ± 0.21a 3.53 ± 0.03a

10.0 7.5 35 4.38 ± 0.35c 2.37 ± 0.31bc

10.0 10.0 20 3.70 ± 0.24cd 1.49 ± 0.18d

Values represented means ± SE. Means followed by the same letter within column are not signifi-
cantly different (P = 0.05) using Duncan’s multiple range test
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of isolated microshoots was pretreated with high dose of IBA (50, 100, 150, or 
200 μM; Fig. 8.1g) in half-strength MS liquid medium with 2% sucrose for 1 week 
using a filter paper bridge. Thereafter, these microshoots were transferred onto ½ 
MS semisolid medium supplemented with different low doses of IBA (0.0, 0.5, 1.0, 
1.5, or 2.0 μM; Table 8.4) with 0.25% Phytagel and 2% sucrose. The data on per-
centage of rooting, mean root number, and root length were recorded, after 4 weeks 
of culture transfer.

8.6  Hardening and Acclimatization

Microshoots with well-developed roots were removed from the culture tube 
(Fig.8.1i), rinsed with running tap water to remove any adherent agar, and trans-
ferred to 10-cm-diameter thermocol cups containing sterile Soilrite™ (Keltech 

Table 8.3 Combined effect of various concentrations of IAA or NAA with mT (5.0 μM) for shoot 
proliferation from pretreated nodal segment on MS medium, after 8 weeks

Plant growth regulators (μM)
% Response Mean shoots/explant

Mean shoot 
length (cm)TDZ- Pretreated IAA NAA

− 0.50 55 6.04 ± 0.21f 3.63 ± 0.14de

− 1.00 60 6.43 ± 0.23f 3.76 ± 0.10de

− 1.50 50 5.85 ± 0.21f 3.55 ± 0.17e

− 0.50 65 7.54 ± 0.16e 3.79 ± 0.08de

− 1.00 70 8.65 ± 0.14c 3.92 ± 0.12cd

− 1.50 60 6.24 ± 0.15f 3.65 ± 0.09de

10.0 0.50 70 7.95 ± 0.04de 3.71 ± 0.11de

10.0 1.00 80 8.80 ± 0.07bc 3.84 ± 0.12cde

10.0 1.50 65 7.74 ± 0.12e 3.58 ± 0.10de

10.0 0.50 80 9.26 ± 0.41b 4.35 ± 0.04b

10.0 1.00 85 11.16 ± 0.16a 4.96 ± 0.13a

10.0 1.50 75 8.34 ± 0.10cd 4.15 ± 0.12bc

Values represented means ± SE. Means followed by the same letter with in column are not signifi-
cantly different (P = 0.05) using Duncan’s multiple test

Table 8.4 Effect of higher dose (150.0 μM) of IBA pretreated microshoots followed by transfer 
to various low doses of IBA in half-strength MS semisolid medium for roots induction, after 
4 weeks of transfer

IBA concentrations (μM) % Response Mean roots/microshoot Mean root length (cm)
Control 00 0.00 ± 0.00e 0.00 ± 0.00d

0.0 30 2.36 ± 0.27d 1.64 ± 0.19c

0.5 45 3.83 ± 0.20c 2.85 ± 0.38b

1.0 60 4.44 ± 0.11b 3.27 ± 0.14b

1.5 80 6.32 ± 0.26a 4.05 ± 0.27a

2.0 55 3.57 ± 0.16c 2.55 ± 0.25b

Values represented means ± SE. Means followed by the same letter within column are not signifi-
cantly different (P = 0.05) using Duncan’s multiple test
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Energies, Ltd., Bangalore, India). The cup was covered with transparent polythene 
bags as a safeguard for high humidity and irrigated with ½ MS (liquid) without 
organic salts and sucrose, after every 2 days. The polythene bags were opened, after 
a couple of week in order to harden the in vitro raised plantlets. These acclimatized 
plants were transferred to pots containing normal garden soil and kept at 25 ± 5 °C 
in incubation chamber for 64 days. Afterward, these potted plantlets were shifted to 
greenhouse.

8.7  Statistical Analysis

All experiments were based on a completely randomized block design (RBD) and 
repeated three times with ten replicates for each treatment. The data on various 
parameters were subjected to one-way analysis of variance (ANOVA) using SPSS 
version 16 (SPSS Inc., Chicago, USA). The significance of differences among 
means was carried out using Duncan’s multiple range test at P = 0.05, and results 
were expressed as the mean ± SE of three repeated experiments.

8.8  Results

8.8.1  In Vitro Shoot Regeneration

The nodal explant did not show any response of bud break when cultured on a 
phytohormone-free medium and failed to induce any shoots even after 4 weeks of 
culture. Explants cultured on half-strength MS liquid medium with various doses of 
TDZ in a rotatory shaker for different days showed a discernible response on axil-
lary shoot bud breaking. Of the five doses of TDZ tested, 10.0 μM for 8 days was 
found to be more effective than other treatments in respect to multiple shoot bud 
induction, and about 96% (data not shown) explants showed maximum response 
(Table 8.1). Further increase in the dose beyond the optimal level did not improve 
any bud breaking. When the TDZ-pretreated nodal explant was transferred to full- 
strength MS media supplemented with various concentrations of mT, a positive 
effect on shoot differentiation and elongation was recorded. Of the five treatments 
of mT used, 5.0 μM was found to be more effective where maximum number of 
shoots (7.53 ± 0.21) with mean shoot length (3.53 ± 0.03 cm) and maximum regen-
eration frequency (70%) were obtained, whereas in without pretreated explant, 
about 5.65 ± 0.24 shoots per explant with an average shoot length (2.92 ± 0.04 cm) 
and 55% regeneration frequency were recorded, after 4 weeks of culture transfer 
(Table 8.2; Fig. 8.1e, d). Basal callusing was removed during every subculturing as 
a precautious measure because it retarded shoot multiplication and elongation. 
Furthermore, we analyzed the combined effect of auxins (IAA or NAA) at various 
concentrations with the optimal concentration of mT (5.0 μM) for enhancing the 
shoot proliferation rate. Among all treatments tried, MS medium supplemented 
with mT (5.0 μM) + NAA (1.0 μM) showed highest number of shoots (11.16 ± 0.16) 
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with mean shoot length (4.96 ± 0.13 cm) per nodal explant and maximum regenera-
tion frequency (85%), after 8  weeks of culture transfer (Table  8.3; Fig.  8.1f). 
Average number of shoots per explant with shoot length got increased with an 
increased concentration up to the optimal dose, whereas gradual decrease in shoot 
number with shoot length per explant was observed beyond the optimal dose 
(Table 8.3). The results further confirm that the ratio of auxin/cytokinin and their 
combination play an important role in plant tissue culture system.

8.8.2  In Vitro Root Induction

In vitro rooting in the regenerated microhoots was a challenging step as none of the 
isolated microhoots rooted on full MS or its different reducing strengths (1/2 MS, 
1/3 MS, 1/4 MS) with or without various concentrations of auxins (IAA, IBA, or 
NAA, data not shown) added to the medium. A two-step procedure for better induc-
tion of root was successfully used. In the first step, the basal end of isolated micro-
shoots was treated with high dose of IBA (150.0 μM; Fig. 8.1g) for 1 week on a 
filter paper bridge followed by their transfer to the next stage. In the second step, the 
treated microhoots were transferred on a semisolid medium containing low dose of 
IBA (1.5 μM) where highest frequency (80%) of root formation and highest number 
of roots (6.32 ± 0.26) with an average shoot length (4.05 ± 0.27 cm) per microshoot 
were recorded, after 4 weeks of culture transfer. The roots were healthy and showed 
numerous secondary root hairs (Fig.8.1i), which helped in establishing plantlets in 
soils. Therefore, IBA (150.0 μM) pretreated microshoots followed by transfer to 
lower dose of IBA (1.5 μM) was found to be best as compared to other concentra-
tions used (Table 8.4).

8.8.3  Acclimatization of In Vitro Raised Plantlets

In vitro raised plantlets with fully expanded and healthy leaves were removed from 
culture tube and transferred to thermocol cups containing sterile Soilrite™ for 
4 weeks (Fig. 8.1j). Acclimatization and hardening procedure of in vitro regenerated 
plantlets was the same as described in materials and methods. The 75% of regener-
ated plantlets got survived during acclimatization and successfully transferred to 
pots containing normal garden soil. The plantlets grew well and did not show any 
morphological variation in growth parameters.

8.9  Discussion

A successful and efficient protocol for axillary shoot multiplication from nodal seg-
ment of P. marsupium has been established. The nodal segments are a good source 
of axillary shoot production in tissue culture system, and even a single explant can 
give rise to multiple copies of true-to-type plantlets within few months. The nodal 
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explants were first given a high dose of TDZ followed by their transfer to MS 
medium supplemented with meta-Topolin, a new cytokinin for multiple shoot 
induction.

Thidiazuron (TDZ—N-phenyl- N′-1,2,3-thiadiazol-5-ylurea) is a synthetic 
phenylurea having potent cytokinin-like activity and widely used as a phytohor-
mone in in vitro regeneration protocols. It is more effective as compared to other 
cytokinins for inducing multiple de novo shoots from different explants of several 
plant species such as Paulownia species (Chalupa 1988), many woody trees 
(Huetteman and Preece 1993), Pterocarpus marsupium (Husain et al. 2007), Vitex 
negundo (Ahmad and Anis 2007), Embelia ribes (Dhavala and Rathore 2010), and 
Dendrocalamus strictus (Singh et al. 2013). According to Murthy et al. (1995), TDZ 
modifies the endogenous level of phytohormones especially cytokinins and auxins 
in plant tissue culture system and affects the metabolism of cytokinins biosynthetic 
pathways which is responsible for the degradation of endogenous level of elevated 
concentrations of purine metabolites (Zhang et al. 2005). There are many reports 
available on TDZ-supplemented media which showed positive response on multiple 
shoot bud break but failed to shoot elongation in many plants including in 
Rhododendron (Preece and Imel 1991), Adhatoda beddomei (Sudha and Seeni 
1994), Dalbergia sissoo (Pradhan et al. 1998), Rauvolfia tetraphylla (Faisal et al. 
2005), Capsicum annuum (Ahmad et al. 2006), and Psoralea corylifolia (Faisal and 
Anis 2006). But in some cases the use of these highly active cytokinin (Ck) in plant 
regeneration protocol was limited (Huetteman and Preece 1993). The antagonistic 
effect of this Ck may be due to the presence of phenyl group which on over exposure 
beyond the optimal level can lead to many drawbacks such as bunching, fasciation, 
hyperhydricity, poor microshoot quality, and loss of rooting capacity (Singh and 
Syamal 2001; Lu 1993).

However, the twofold culture strategy was applied to address the problem of 
shoot elongation. Primarily, we have evaluated the effect of TDZ on nodal explant 
for axillary buds breaking. Half-strength MS liquid media supplemented with TDZ 
(10.0 μM) for 8 days were found to be more responsive than other doses tried. When 
pretreated nodal segments were transferred on a secondary medium containing mT, 
a positive change in enhancing shoot multiplication and elongation was observed. 
Some positive results of mT have been reported in several plant species (Werbrouck 
et al. 1996; Wojtania 2010; Aremu et al. 2012; Mala et al. 2013; Clapa et al. 2014). 
It has the same mode of action as BA and kinetin, but due to little difference in 
molecular structure, it was found to be effective on micropropagation in many plant 
species (Kubalakova and Strnad 1992; Werbrouck et al. 1996; Strnad et al. 1997). 
Among the different concentrations of mT tested, the efficient shoot elongation was 
recorded at 5.0 μM mT where maximum shoot numbers (7.53 ± 0.21) with an aver-
age shoot length (3.53 ± 0.03  cm) were recorded in pretreated explants, after 
4 weeks of culture transfer. Similar type of culture strategy using shoot bud break-
ing (primary) and shoot elongation (secondary) medium was effectively applied in 
many plant species, such as Malus alba (Thomas 2003), Acacia sinuata (Vengadesan 
et al. 2002), and Vitex negundo (Ahmad and Anis 2007).
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Furthermore, we have evaluated the combined effect of cytokinins with auxin for 
improving the microshoots quality or number for obtaining healthy plantlets of P. 
marsupium. TDZ-pretreated nodal explants when transferred to MS medium aug-
mented with mT (5.0 μM) plus NAA (1.0 μM) in combination were found to be best 
where highest proliferation rate (11.16 ± 16 shoots) with an average shoot length 
(4.96 ± 0.13  cm) per explant was achieved, after 8 weeks of culture (Table  8.3; 
Fig. 8.1f). Our results are in agreement with earlier findings of several workers in 
many recalcitrant or woody species like A. catechu (Kaur et al. 1998), Eucalyptus 
grandis (Luis et  al. 1999), Lagerstroemia parviflora (Tiwari et  al. 2002), Melia 
azedarach (Husain and Anis 2009), Balanites aegyptiaca (Siddique and Anis 2009), 
and Acacia ehrenbergiana (Javed et al. 2013). This is an improved and cost- effective 
protocol than the earlier described by Husain et al. (2008) in P. marsupium where 
only 8.6 shoots per explant with 4.8 cm shoot length were obtained. By repeated 
subculturing onto the fresh medium, successful healthy shoot cultures were 
established.

In vitro rooting has been a difficult process in woody trees. Indole-3-butyric acid 
is known to have stimulatory effect on the multiple root formation due to its prefer-
ential uptake, transport, and stability as compared to other auxins and may play an 
important role in rooting gene activation (Ludwing-Muller 2000). Husain et  al. 
(2008) reported the root induction in BA-regenerated microshoots where a maxi-
mum root (3.8) with average length (3.9 cm) was recorded. In several other reports, 
exogenous application of cytokinins like BA used in micropropagation has negative 
effect on rooting, resulting in poor acclimatization of many plant species (Werbrouck 
et al. 1995; Bairu et al. 2008; Amoo et al. 2011). These negative effects are due to 
the formation of biologically inactive and chemically stable metabolites such as 
N-glucosides or alanine conjugates (Werbrouck et  al. 1995). BA-treated in  vitro 
regenerated shootlets have the propensity of accumulation of BA metabolites as a 
toxic substance in a basal rooting zone, and these toxic metabolites interfere rooting 
and acclimatization of in  vitro raised plantlets (Werbrouck et  al. 1995; Valero-
Aracama et al. 2010). But in our study, we have tried mT in place of other CKs for 
regeneration of multiple and healthy microshoots. The mT-treated regenerated 
shootlets gave highest positive response in respect to root number as well as root 
length with 75% of successful acclimatization. According to Werbrouck et  al. 
(1996), mT produce relatively less stable and low toxic metabolites as compared to 
other CKs. Bairu et al. (2011) postulated that mT-derived shootlets produce more 
roots with respect to BA because of small differences in hydroxyl groups of meta- 
Topolin. Thus an improved regeneration protocol has been established using a new 
cytokinin, meta-Topolin.

8.10  Conclusion

The research finding emphasizes the role of TDZ and mT on in vitro regeneration of 
a woody legume for ensuring better transplant success due to proper continuity of 
conducting tissues of shoot and root in the absence of callusing. The thidiazuron- 
pretreated nodal explants, when transferred onto mT-supplemented medium, 
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showed positive results on in vitro regeneration such as shoot multiplication, shoot 
elongation, rooting and acclimatization, and improving physiological parameters. 
The rapid in vitro propagation using TDZ and mT will not only help in conservation 
but also low-cost multiplication of this tree species. This research work might be an 
initial step in the breakthrough of in vitro propagation revolution which is yet to 
firmly establish its roots in plant biotechnology field.
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Abstract
The Fagaceae family consists of 7 genera and around 1000 species of trees and 
bushes that are mainly distributed in temperate and warm areas of the northern 
hemisphere, although few cross the equator in Southeast Asia. In terms of for-
estry, members of the Fagaceae are of most importance in forests in the temper-
ate regions of the northern hemisphere, a dominance shared with the conifers that 
replace this family in cold areas and mountain tops. The genera Quercus (oaks 
and holm oaks), Fagus (beeches), and Castanea (chestnut) are commercially 
important sources of timber; Castanea and Quercus (holm oaks) also provide 
fruits that are used as human food and as animal feed. Many of these trees are 
also of ornamental value, mainly due to their attractive color of their leaves in 
autumn.

The majority of these species are difficult to propagate, particularly when the 
trees reach their adult stage. Biotechnology techniques, such as in vitro tissue 
culture, would therefore be of great use for their propagation and conservation. 
These techniques involve the use of growth regulators, especially cytokinins, 
among which is included thidiazuron (TDZ). This cytokinin has been used to 
stimulate the development of axillary buds and, mainly, for the induction of 
adventitious buds and in very few cases in somatic embryogenesis processes. 
This review presents a summary of the various studies in which TDZ has been 
used in the micropropagation of diverse species of the family Fagaceae.
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9.1  Fagaceae Family

The Fagaceae are a large family of angiosperms with species that are spread through-
out the northern hemisphere, from tropical areas to northern areas, with some spe-
cies that cross the Equator in Southeast Asia. Beeches (Fagus), oaks (Quercus), and 
chestnuts (Castanea) are the only genera distributed in Asia, Europe, and North 
America, where they cover, or used to cover, large forest areas. Evergreen oaks are 
important members of the forests around the Gulf of Mexico, as well as in southern 
China and southern Japan. In Southeast Asia, the structure of the mixed mountain 
forest is largely determined by evergreen members of the family, particularly oaks. 
In total, therefore, the Fagaceae produce a colossal biomass, possibly exceeded only 
by the conifers. They also have a wide diversity of uses (biomass, fiber, wood and 
food products). As well as their economic contribution, they are important speci-
mens in forestry ecosystems and are major drivers of terrestrial biodiversity. In the 
majority of countries where they are found, they are considered as major patrimo-
nial and cultural resources (Kremer et al. 2012).

The members of this family are deciduous or evergreen trees, and rarely shrubs, 
with alternate simple, entire to pinnately lobed leaves, and scarious, usually decidu-
ous stipules. The flowers are unisexual (plant monoecious) and usually arranged in 
catkins or small spikes that may comprise only flowers of one sex, as in oaks, or 
may have female flowers at the base of otherwise male inflorescences, such as in 
chestnuts. The perianth is bract-like, with four to seven lobes. The male flowers 
have as many or twice as many stamens as perianth segments, occasionally up to 40, 
with the filaments free, with or without a pistillode. The female flowers are in groups 
of one to three, each group being surrounded by a basal involucre. They appear at 
maturity. The fruits of the Fagaceae are animal dispersed and have a short viability. 
The pollen and other features, such as a strongly scented inflorescence, suggest that 
insect pollination is the ancestral condition in the Fagaceae, and this is retained in 
most members, except Fagus and the temperate oak species (Heywood et al. 2007).

The cupule has a wide variety of forms that surround one or more fruits, which 
is a unique feature of the family and the origin of which has been controversial (Fey 
and Endress 1983). Only with the discovery of Trigonobalanus in 1961, which is 
restricted to Sulawesi, northern Borneo, Malaysia, and northern Thailand, has it 
been possible to suggest firmly that the cupule is derived from a three-lobed exten-
sion of the pedicel below each flower, which has been variously fused around single 
flowers or groups of flowers. It is possible that the cupule provides a link with the 
pteridosperm ancestors of the flowering plants. The tremendous diversity of scales 
and spines on the cupules appears to be derived from branches spines (Nixon and 
Crepet 1989).

The Fagaceae provide some of the most important woods worldwide, especially 
the oaks (particularly the white oak of North America), beech, and chestnut variet-
ies. Together with clearance for agriculture, this has resulted in the destruction of 
large areas of forests dominated by these species. Castanopsis and Lithocarpus 
have been little exploited, although their wood is also of a high quality. Overall, the 
woods obtained from the species of this family have a wide range of properties and 
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uses, from floorboards and furniture to carbon and whisky barrels. The cork is 
obtained from the bark of the cork oak (Quercus suber), and the oak galls were an 
important source of tannin in Asia Minor and southeastern Europe. Many of the 
chestnut species, especially Castanea sativa, are cultivated for their edible fruits, 
from which purees, stuffings, and stews can be made, as well as the French deli-
cacy marrons glacés. The fruits of the beech are rich in oil (46%) and are used in 
many regions to feed pig stock, as well as the acorns from the oaks. The acorns 
produced by Q. ilex are used for feeding the so-called Iberian pigs, the meat of 
which contributes to the development of a high-quality food industry (Cañellas 
et al. 2007). The form and the colors of many of these species in autumn, particu-
larly the oaks, chestnuts, and beeches, make them used as ornamental in parks and 
gardens. Only American species of Castanopsis (C. chrysophylla) and Lithocarpus 
(L. densiflorus) may be cultivated in warmer regions (Heywood et  al. 2007). 
Besides their economic importance, the Fagaceae species have a high ecological 
value, as illustrated by the fact that chestnut blight disease, caused by a pathogenic 
fungus, caused the worst ecological disaster in the history of the United States 
(Wheeler and Sedroff 2009).

Of the seven genera that make up the Fagaceae family (Fagus, Chrysolepis, 
Castanea, Castanopsis, Lithocarpus, Quercus, and Trigonobalanus), three of them 
are specially highlighted for their economic value: Castanea, Fagus, and Quercus. 
These three genera are the most widely micropropagated, and on which we are 
going to focus this review.

9.2  Thidiazuron

The cytokinin activity of TDZ was first reported in 1982 and, since then, has been 
gaining acceptance due to its efficient role in the cultivation of plant cells and tissue. 
TDZ has been successfully used for the induction of adventitious buds, to promote 
the proliferation of axillary buds, and somatic embryogenesis being especially 
effective in the case of recalcitrant woody species (Huetteman and Preece 1993; Lu 
1993; Murthy et al. 1998; Guo et al. 2011).

There are several derivatives of urea with cytokinin capacity, with the most active 
compounds being N-phenyl-N′-1,2,3-thidiazol-5-ylurea or thidiazuron (TDZ), 
N-N′-diphenylurea (DPU), and N-(2-chloro-4-pyridyl)-N′-phenylurea (CPPU). 
TDZ is one of the most potent diphenylureas evaluated in plant tissue culture (Mok 
et al. 1982). It was initially developed by the Schering AG group as a cotton defoli-
ant (Arndt et al. 1976) and has a high activity at concentrations as low as 10 pM. The 
exposure of plant tissue to TDZ for a short period of time is sufficient to stimulate 
regeneration (Preece et  al. 1991; Visser et  al. 1992; Li et  al. 2000; Matand and 
Prakash 2007).

The structure of TDZ is nothing like the natural cytokinins, and it appears that it 
is directly responsible for the morphogenic responses induced by this regulator. Any 
change in the molecules that affects its functional groups (phenyl or thiadiazole) 
reduces its activity (Mok et al. 1982; Mok and Mok 1985).
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Different physiological and biochemical processes are induced or increased in 
the cells due to the action of TDZ, but its exact mode of action is still not known 
(Guo et al. 2011). Some examples of the diversity of the physiological effects medi-
ated by TDZ include efficient seed germination, expedited bud break, induction and 
stimulation of sprouting, cotyledonary growth and development, formation of tri-
chomes and stomata appearance on floral parts, and berry weight of grapes. More 
recently, the morpho-regulatory potential of this compound has led to its application 
in the cultivation of plant cells, tissues, and organs, with the aim of improving 
regeneration protocols (Guo et al. 2011). Several studies cite the use of TDZ as a 
unique growth regulator to induce regeneration in different species, meeting both 
the auxin and cytokinin requirements (Visser et al. 1992; Murthy et al. 1996; Murthy 
and Saxena 1998). However, TDZ is currently considered as a cytokinin due to 
induction of natural cytokinin-like responses. In some cultivation systems, it has 
replaced the habitual cytokinins, provoking similar responses. This substitution is 
confirmed with the suppression of the effect of the TDZ provoked by the inhibitors 
of the metabolism of cytokinins with purine ring, which suggests that there is a 
common site of action for both types of regulators (Nagata et al. 1993; Hutchinson 
and Saxena 1996). Its role in morphogenesis seems be closely related to the metabo-
lism of the endogenous growth regulators, especially cytokinins, auxins, abscisic 
acid, and ethylene (Yip and Yang 1986; Murthy et al. 1995, 1998).

Besides its cytokinin activity, TDZ is capable of inducing somatic embryogene-
sis in some species, which leads to thinking that it might have some auxin activity 
or it is associated with auxin metabolism (Saxena et al. 1992; Lu 1993). Murthy 
et al. (1995) established that TDZ can stimulate auxin synthesis. Other authors indi-
cate the possibility that TDZ could affect the action of certain enzyme systems, such 
as those associated with cell walls and membranes, or the cytokinin oxidase system, 
in which the activity seems to be inhibited with TDZ (Wang et al. 1991; Hare et al. 
1994).

Other theory is that TDZ may produce a stress situation in plant tissue, for which 
they respond by developing a survival mechanism in order to perpetuate the plant by 
means of the increase in morphogenic response (Murch et al. 1997).

TDZ has an effect on a large number of species, even in those that show little or 
no response to conventional cytokinins. This makes it especially effective in woody 
species of difficult regenerative capacity in which organogenesis is only achieved 
with very high concentrations of adenine-type cytokinin (Fellman et  al. 1987; 
Preece et al. 1991; Baker and Bhatia 1993). The reason for this may be found in its 
greater stability, since it is more resistant to enzymatic action than the endogenous 
cytokinins and is degraded less during the culture medium autoclaving process 
(Huetteman and Preece 1993).

TDZ has been employed for the multiplication of various woody species, owing 
to its capacity to induce the proliferation of axillary shoots (Wojtania et al. 2011; 
Sedlák and Paprštein 2015; Castillo et al. 2015). In the induction of caulogenesis, it 
has been shown to promote the differentiation of meristemoids at concentrations 
much lower than other cytokinins, and the regeneration also occurs with a compa-
rable, or even greater, efficiency (San José et al. 2014; Liu et al. 2016). Its greater 
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organogenic capacity is also shown by producing a higher number of shoots per 
explant than benzyladenine (BA), kinetin (KIN), or zeatin.

TDZ also promotes callus formation, in many cases more intensely than other 
regulators, particularly at concentrations greater than0.02 mg/l. This callus is, in 
many cases, an essential step for the regeneration of adventitious buds (Huetteman 
and Preece 1993; Murthy et al. 1998; Traore et al. 2003). More recently, TDZ alone, 
or in combination with other regulators, has been used as a somatic embryogenesis 
stimulant in tissue culture media (Nhut et al. 2006; Jones et al. 2007; Kahia et al. 
2016; Rugini and Silvestri 2016).

Prolonged exposure to TDZ can lead to problems like hyperhydricity, leaves with 
abnormal morphology, short and compact shoots, as well as difficulty for the elon-
gation and rooting of the regenerated shoots (Huetteman and Preece 1993; Lu 1993; 
Ahmad and Anis 2007).

9.3  Biotechnological Approaches in the Propagation 
of Fagaceae Using TDZ

The majority of members of the Fagaceae are included in the group of long-rotation 
hardwoods for which no long-term improvement programs have been carried out. 
However, these species play a vital role in the conservation of the soil and water and 
make a significant contribution to the sustainability and viability of the ecosystems. 
The low natural regeneration using seeds, their irregular fructification, the con-
sumption of the seeds by animals, and the loss of viability during storage exacer-
bates the regeneration problems suffered by most of the species of this family. 
Furthermore, there are great difficulties in their vegetative propagation when adult 
material is used.

Several reviews have described the possibilities offered by forest biotechnology 
as an emerging opportunity in relation to tree improvement (Vieitez and Merkle 
2005; Vieitez et al. 2012; Nelson et al. 2014; Ballester et al. 2016; Corredoira et al. 
2016; Monteuuis 2016). In vitro culture techniques have been applied to different 
woody species since they provide the appropriate tools for the rapid production of 
genotypes with desired traits and to capture all the genetic superiority without 
involving any gene segregation. These techniques may alleviate, at least in theory, 
the lack of seed production, as well as the difficulties in the production of offspring 
with desired traits, storage of the seeds, and the low rooting capacity of the cuttings, 
helping to rapidly increase the number of individuals in a species with reproduction 
problems and/or in extremely reduced populations (Vieitez et al. 2012). The plant 
material obtained can be of great value for research, living collections, to reduce 
pressure on natural populations and, where possible, for reintroduction programs 
(González-Benito and Martín 2011).

9 Application of Thidiazuron in the Micropropagation of Fagaceae



194

9.4  Genus Castanea

Castanea is a small genus native to the temperate zones of Asia, Europe, and Eastern 
United States (Camus 1929). The precise number of species is uncertain due to the 
use of synonyms and the lack of accurate characterization for some species of 
chinkapins. The most representative species and of greater economic importance 
within this genus are C. crenata Sieb. and Zucc. (Japanese chestnut), C. dentate 
(Marshall) Borkh. (American chestnut), C. mollissima Blume (Chinese chestnut), 
and C. sativa Mill. (European chestnut). The other species are small trees or bushes 
of importance only for breeding, as rootstocks, or for special uses. The chestnuts are 
long-living trees and can reach 500–1000 years. However, like the majority of large 
seeded hardwoods, they are very difficult to propagate vegetatively. These trees are 
also threatened by pollution, economic and social changes, and two major diseases: 
ink disease caused by Phytophthora cambivora and P. cinnamomi and chestnut 
blight caused by Cryphonectria parasitica, which have destroyed a large number of 
trees in Europe and North America (Nelson et al. 2014).

9.5  TDZ and Proliferation of Axillary Buds

Micropropagation by means of axillary bud proliferation is the preferred method for 
the commercial propagation of woody species, since it is usually easier to do and is 
also considered more appropriate in order to maintain genetic stability of the regen-
erated plants (Bonga and von Aderkas 1992; Monteuuis et  al. 2008; Gomes and 
Canhoto 2009).

Although TDZ has been selected for the propagation of numerous woody species 
due to its enormous capacity to stimulate the proliferation of the shoots (Huetteman 
and Preece 1993; Guo et al. 2011; Panda et al. 2016; Singh and Agarwal 2016), 
however, in Fagaceae positive results with TDZ are limited, and most of the cultures 
of these species are maintained in media supplemented with BA or zeatin (Table 9.1).

Among the works carried out, we should mention those of Wilhem and 
Rodkachane (1992), who evaluated the capacity of TDZ (4–11 mg/l) with and with-
out 0.5  mg/l BA in the proliferation of juvenile and adult material of Castanea 
sativa. The results indicate that, after induction, a subculture with a high concentra-
tion of TDZ combined with BA improved the micropropagation. However, if TDZ 
is maintained in the medium, it promotes massive callus growth and inhibits elonga-
tion of the shoots. Fernández-Lorenzo et al. (2001) tested the effect of 0.1 mg/l BA 
or 0.01 mg/l TDZ in the multiplication of cultivars of adult origin of this same spe-
cies, observing that TDZ produced a significant decline in the multiplication rate 
and the production of vitrified deformed shoots with excessive callus. In material of 
juvenile origin (1 year and 2–3 months) of two chestnut cultivars, Maraval 74 (C. 
sativa x C. crenata) and Marigoule 15 (C. crenata x C. sativa), Soylu and Ertük 
(1999) tested the effect of BA and in some cases 0.1 mg/l TDZ in the proliferation 
of buds. They pointed out that, although this concentration of TDZ in combination 
with BA had been mentioned previously by Waidinger and Rodkachane (1993) as 
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bud growth stimulator in adult chestnut material, it was not effective in these two 
varieties. In a recent work, Roussos et al. (2016) evaluated the efficacy of several 
cytokinins (BA, KIN, isopentenyladenine (2iP), forchlorfenuron (FCF), and TDZ) 
and growth retardants on the multiplication and rooting in in vitro cultures of the 
European chestnut from material of juvenile origin. BA was the most effective 

Table 9.1 Summary of studies on micropropagation of different species of Castanea

Species Treatment Observations References
Axillary shoots

C. sativa GD + TDZ 
(4–11 mg/l) + BA

A subculture improves 
micropropagation

Wilhem and 
Rodkachane (1992)

P24 + TDZ 
(0.01 mg/l) + BA

In combination with BA, it favors 
bud expansion

Waindinger and 
Rodkachane (1993)

GD, WPM + TDZ 
0.01 mg/l

Decreases the multiplication rate; 
vitrified shoots; excessive callus

Fernández Lorenzo 
et al. (2001)

MS (1/2NO3) + TDZ 
(0.025–0.1 mg/l)

BA more effective than TDZ Roussos et al. 
(2016)

Adventitious shoots
MS + 0.1 mg/l TDZ Preconditioning for genetic 

transformation
Corredoira et al. 
(2005)

MS + 0.2 mg/l TDZ + 
IBA

More effective than BA Tafazoli et al. 
(2013)

Somatic embryogenesis
MS, DKW + 0.1 mg/l 
TDZ + BA/KIN+ IBA

Sezgin and 
Dumanoglu (2014)

Axillary shoots
C. sativa x 
C. crenata

MS (1/2NO3) + TDZ 
0.1 mg/l

Does not stimulate growth Soylu and Ertük 
(1999)

C. crenata 
x C. sativa

Adventitious shoots
C. sativa x 
C. crenata

MS + 0.1–2 mg/l TDZ 
+ NAA

Cotyledon nodes; preconditioning 
with BA

San José et al. 
(2001)

Axillary shoots
C. dentata WPM + TDZ 

0.1–0.5 mg/l
Bud proliferation increases 
(reddish color)

Yang et al. (2009)

− + TDZ 0.01 mg/l Positive results Herman (1995)
Somatic embryogenesis

WPM +0.1 mg/l TDZ 
± 2,4-D

TDZ did not give an embryogenic 
response

Carraway and 
Merkle (1997)

Axillary shoots
C. crenata BW + TDZ 1 mg/l Less effective than zeatin Tetsumura and 

Yamashita (2004)

GD Gresshoff and Doy’s medium (1972), TDZ thidiazuron, BA benzyladenine, P24’s medium 
(Waidinger and Rodkachane 1993), WPM Lloyd and McCown’s medium (1980), MS (1/2 NO3) 
Murashige and Skoog’s medium (1962) with half strength nitrates, IBA indole-3-butyric acid, 
DKW Driver and Kuniyuki’s medium (1972), KIN kinetin, NAA naphthalene acetic acid, 2,4-D 
2,4-dichlorophenoxyacetic acid, BW Sato’s medium (1991)
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cytokinin, followed by KIN and 2iP. The two phenylureas used (FCF and TDZ) 
were not as effective as the adenine-type cytokinins.

Different culture media (Sato’s medium (BW, 1991), Lloyd and McCown (WPM, 
1980), and Driver and Kuniyuki (DKW 1972)) were used in the micropropagation 
of C. crenata from plantlets of 2 months (Tetsumura and Yamashita 2004). These 
media were supplemented with BA, zeatin, or TDZ (1 mg/l). The best results in the 
establishment phase were obtained with BW medium supplemented with zeatin and 
thus were subsequently used for shoot multiplication.

According to the study by Herman (1995), the use of TDZ (0.01 mg/l) has given 
positive results in American chestnut (C. dentata). In this same species, Yang et al. 
(2009) investigated the role of different growth regulators in increasing shoot pro-
liferation and callus formation, although no details were given on the type of explant 
or the age of the material used. TDZ and CPPU cytokinins at low concentrations 
(0.1 and 0.5 mg/l) produced the best multiplication rates compared with KIN or 
zeatin. However, the shoots obtained from explants cultivated in medium with 
CPPU or TDZ medium showed a reddish coloration, while with KIN or zeatin, they 
had a more normal morphological appearance.

9.6  TDZ and Differentiation Adventitious Buds

Although the formation of adventitious buds is not desirable for clonal propagation, 
it does offer an excellent opportunity for the regeneration of genetically manipu-
lated plants using biotechnology. The in vitro regeneration via de novo differentia-
tion of buds may be used for the production of more resistant plants and/or more 
productive genotypes after the insertion of new genes into the cells and could accel-
erate tree breeding programs. TDZ is currently considered to be one of the most 
effective triggers of morphogenesis in differentiated cells of woody species, having 
been successfully used in several species (Pavingerova 2009; Lenz et  al. 2016; 
Zaytseva et al. 2016), although, as with the proliferation of axillary buds, there are 
few works on Fagaceae (Table 9.1).

The works found in the literature only mention the European chestnut or its 
hybrids. Thus, San José et al. (2001) studied TDZ on the adventitious bud formation 
capacity in preconditioned explants of C. sativa x C. crenata. In order to do this, 
they germinated the embryonic axes isolated in Murashige and Skoog medium 
(1962) supplemented with 0.1 mg/l TDZ or 1 mg/l BA. Segments of the hypocotyl, 
epicotyl, and cotyledon nodes were isolated from these embryos preconditioned and 
cultivated in induction medium with 0.01 mg/l of naphthalene acetic acid (NAA) 
and different concentrations of TDZ (0.1–2 mg/l). The best results were obtained 
with cotyledon nodes preconditioned in BA for 12–14 days and subsequently treated 
with 1–2  mg/l TDZ for 4  weeks (Fig.  9.1a, b). These shoots were elongated in 
medium with 0.1–0.05 mg/l BA. Cotyledon nodes pre-cultivated with 0.1 mg/l of 
TDZ have subsequently been used in genetic transformation works with 
Agrobacterium tumefaciens in C. sativa (Corredoira et  al. 2005). Tafazoli et  al. 
(2013) also established a protocol for the regeneration of adventitious buds from 

M. del Carmen San José et al.



197

roots, nodes, and internodes of 3-month-old plantlets of C. sativa. The results 
showed the superiority of TDZ compared to BA as a shoot – inducing cytokinin in 
the in vitro induction of adventitious shoots from nodal segments of chestnut. The 
highest regeneration rates were achieved with the concentration of 0.2 mg/l.

9.7  TDZ and Somatic Embryogenesis

Somatic embryogenesis is an alternative regeneration process that offers numerous 
advantages as regards the differentiation of adventitious buds, is currently consid-
ered as one of the main biotechnology techniques for the mass propagation of 

Fig. 9.1 Micropropagation of Fagaceae using TDZ. (a) Longitudinal section of axillary bud meri-
stem of chestnut formed at the cotyledonary node region cultured in preconditioning medium with 
0.1 mg/l TDZ (×66.9); (b) multiple shoot formation in a BA-preconditioned explant of chestnut 
cultured on 1 mg/l TDZ induction medium (×124.5); (c) adventitious shoot differentiation in Fagus 
sylvatica leaf explant treated with 0.5 mg/l IAA and 0.5 mg/l TDZ; (d) adventitious shoot regen-
eration in the cotyledon of a somatic embryo of Quercus robur after 1 week culture in 0.1 mg/l 
TDZ and 7 weeks in germination medium; (e) germinated embryos of Quercus robur following 
1 week exposure to TDZ and 7 weeks in germination medium
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plants, and is potentially of enormous use in genetic improvement programs (Lelu- 
Walter et al. 2013). In woody species, somatic embryogenesis is the most promising 
propagation method, enabling the implementation of multi-varietal forestry (Park 
et al. 2016) and biotechnological approaches such as the large-scale propagation of 
selected material, genetic transformation, and cryopreservation of elite genotypes 
(Corredoira et al. 2006; Bonga 2016; Guan et al. 2016).

TDZ was used for the induction of somatic embryogenesis in the genus Castanea 
by Sezgin and Dumanoglu in 2014 (Table 9.1). These authors established a protocol 
for the induction of somatic embryogenesis and regeneration of plants from imma-
ture cotyledons in two cultivars of C. sativa using different combinations of growth 
regulators (BA, TDZ, KIN, indole-3-butyric acid (IBA), 2,4-dichlorophenoxyacetic 
acid (2,4-D), and NAA). For both cultivars (Osmanoglu and Sariaslama), the best 
results were obtained with the MS and DKW formulas and the combination of dif-
ferent cytokinins and auxins (BA+KIN+IBA, BA+TDZ+IBA, KIN+TDZ+IBA). 
According to these authors, TDZ at 0.1 mg/l has been used in binary combinations 
with other auxins (2,4-D, indole-3-acetic acid (IAA), or NAA) in the somatic 
embryogenesis of different chestnut species and hybrids. Carraway and Merkle 
(1997), using C. dentata, tested the effect of the combination of three auxins (2,4-D, 
IAA, and NAA) with BA or TDZ (0.1 mg/l) in the induction of somatic embryos in 
ovules and immature zygotic embryos, obtaining the best results with 3 mg/l of 2,4- 
D. NAA or TDZ gave no embryogenic response.

9.8  Genus Fagus

The genus Fagus consists of ten species of monoecious trees, natives of the Northern 
hemisphere temperate zones of Eurasia and Eastern North America. Fagus sylvatica 
L. (European beech) is the most important species of the genus and one of the eco-
nomically most important of central Europe, which together with the oaks define the 
climax vegetation of this region. F. orientalis Lipski (oriental beech) is a native of 
the temperate zones of Eastern Europe, the Balkan Peninsula, the Caucasus, and 
Asia Minor. F. grandiflora Ehrh. (American beech), of great ornamental value and 
with a high price as timber, is a native of Eastern North America. F. japonica Max. 
and F. sieboldi Engl. are Japanese species similar to the European beech (Chalupa 
1996). Beech trees are important from an economic, as well as an ecosystem point 
of view. Its fine grain wood is used for flooring, furniture, and veneers, as well as an 
excellent wood for burning. The ornamental varieties are also of great economic 
importance (Vieitez et al. 2003).

The beeches are slow-growing trees with a life-span of 150–200 years, but some 
examples have been reported that have reached 300 years. Some ornamental beeches 
are propagated by bench grafting, with conventional vegetative propagation of 
beech generally being difficult (Meier and Reuther 1994; Chalupa 1996; Vieitez 
et al. 2003). They are extremely difficult to propagate if the cuttings are of adult 
origin, particularly if they are taken from branches of the crown (Ahuja 1984). The 
beeches are mainly propagated by seeds, which can be stored at 5  °C with a 
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humidity of 20–25% in order to maintain their viability. However, good seed har-
vests are only obtained every 4–6 years, and storage over long periods has its prob-
lems. Furthermore, the use of seeds in tree improvement can take 30–50 years for 
trees to attain maturity; a similar period of time is needed in the propagation via 
cuttings taken from seedlings. Hybridization is very limited; thus the genetic basis 
for the selection of elite trees is also restricted. New methods for the rapid clonal 
propagation of the beech is thus necessary due to the lack of techniques for the pro-
duction of large quantities of selected plant material using vegetative propagation 
(Vieitez et  al. 2003).This need is especially acute in the case of F. grandiflora 
affected by the so-called beech bark disease, an introduced insect-fungus disease 
complex incited by an initial infestation by the scale insect, Cryptococcus fasifuga 
Lind., followed by an infection with one of the Nectria fungi, primarily Nectria coc-
cinea var. faginata Lohman et al. (Ramírez et al. 2007). Thus, attention has been 
focused on the development of in vitro culture techniques, viable and rapid propaga-
tion methods that will enable new individuals to be obtained from the few tolerant/
resistant trees that can be identified in the zones affected.

9.9  Proliferation of Axillary Buds and TDZ

The first attempts at propagating beeches employing in vitro axillary bud prolifera-
tion were carried out by Chalupa (1979, 1985) using apices and nodal segments of 
plantlets of the F. sylvatica species (Table 9.2).The explants were cultivated in dif-
ferent media (MS, WPM, and DKW) supplemented with various cytokinins: 
N-(phenylmethyl)-9-(tetrahydro-2H-pyran-2-yl)-9H-purin-6-amine (PBA), BA, 

Table 9.2 Summary of studies on micropropagation of different species of Fagus

Species Treatment Observations References
Axillary shoots

F. sylvatica WPM+ TDZ 
0.001–0.005 mg/l

PBA and BA more effective 
than TDZ

Chalupa (1979, 1985)

Adventitious shoots
WPM + 0.5 mg/l TDZ + 
IAA

Leaves. TDZ 3 w more 
effective than BA

Vieitez and San José 
(1996)

WPM + 1 mg/l TDZ + 
IAA

Internodes. More effective 
than BA

Cuenca et al. (2000)

Adventitious shoots
F. orientalis WPM + 0.5–1 mg/l 

TDZ + IAA
Leaves, originating from the 
callus

Cuenca and Vieitez 
(1999)

WPM + 1 mg/l TDZ + 
IAA

Internodes. More effective 
than BA

Cuenca et al. (2000)

WPM + 1 mg/l TDZ + 
IAA

Leaves, internodes. Glucose 
3–4%

Cuenca and Vieitez 
(2000)

WPM Lloyd and McCown’s medium (1980), TDZ thidiazuron, PBA N-(phenylmethyl)-9-
(tetrahydro-2H-pyran-2-yl)-9H-purin-6-amine, BA benzyladenine, IAA indole-3-acetic acid
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and TDZ. The best results were obtained with PBA and BA in combination with 
IBA. Low concentrations of TDZ (0.001–0.005 mg/l) stimulated the growth of axil-
lary buds, but used in higher concentrations, it promoted callus formation and inhib-
ited shoot elongation (Chalupa 1985). When the explants came from selected adult 
trees, the in vitro development was more difficult, and the majority of the works 
have used media supplemented with BA (Vieitez et al. 2003).

9.10  Differentiation of Adventitious Buds and TDZ

Although Chalupa (1996) mentions a preliminary study in which he obtained 
adventitious and axillary buds in embryonic axes, the first protocol for organogen-
esis induction in F. sylvatica was developed by Vieitez et al. (1993). These authors 
observed the induction of adventitious buds in hypocotyls of plantlets resulting 
from the germination of zygotic embryos cultivated in the presence of BA. The 
capacity to differentiate adventitious buds was also observed in cotyledon and 
hypocotyl segments isolated from plantlets of 3 weeks and cultivated in media 
with BA and NAA. These observations led to subsequent studies for the develop-
ment of adventitious buds in leaves and internodes of juvenile cultures maintained 
in vitro.

Vieitez and San José (1996) describe the induction of adventitious buds in foliar 
explants of shoots cultivated in vitro originally established from 2-month-old and 
3-year-old plants of F. sylvatica. The explants were cultivated in WPM medium 
supplemented with 0.5 mg/l IAA and different concentrations of BA (1, 2, or 4 mg/l) 
or TDZ (0.05, 0.5, 1, or 2  mg/l) (Table  9.2). The efficiency of the regeneration 
depended on the type of explant (proximal or distal half of the leaf), the cytokinin 
added to the culture medium, and the genotype. TDZ at 0.5 mg/l was more effective 
than BA (Fig. 9.1c). The concentration of TDZ and the time of exposure were criti-
cal for optimizing the results. The continued exposure to TDZ produced stunted and 
compact bud clusters, thus more difficult to elongate than those induced by BA. The 
problem can be overcome by reducing exposure time to 1–3 weeks, in accordance 
to the two-stage procedure proposed by Huetteman and Preece (1993) (culture in 
TDZ medium followed by culture in a second medium without TDZ or with other 
growth regulators). The histology study confirmed the direct or indirect origin of the 
adventitious buds.

Cuenca and Vieitez (1999) also achieved the induction of adventitious buds in 
foliar explants of shoots cultivated in vitro established from plants of 2 months and 
4 years of F. orientalis. These authors used WPM supplemented with 0.5 mg/l IAA 
and 0.5–1 mg/l TDZ. Histologically, it could be shown that, although some buds 
developed directly from the epidermis or sub-epidermis, the majority of them origi-
nated from cell file proliferation produced by the periclinal division of cells subja-
cent to the epidermis.

Cuenca et al. (2000) evaluated the formation of adventitious buds in internodes 
of shoots cultivated in vitro from European and Oriental beech (F. sylvatica and F. 
orientalis, respectively). Induction medium consisted of WPM supplemented with 
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0.5 mg/l IAA and 0.1, 0.5, 1, 2, and 4 mg/l TDZ or BA. As in the case of foliar 
explants (Vieitez and San José 1996), TDZ was much more effective than BA for 
the induction of adventitious buds in this type of explant, with 1 mg/l being the 
optimum dose for TDZ. An increase in the concentration of TDZ leads to the forma-
tion of clusters of tiny buds that subsequently do not develop. The frequency of 
explants forming buds and the number of adventitious buds was significantly 
affected by the genotype and the concentration of TDZ. These results are in agree-
ment with those of Murthy et al. (1998), who confirm that TDZ is more effective for 
the induction of adventitious buds than other purine-type cytokinins. The combina-
tion of TDZ with IAA or IBA at 0.5 mg/l increases the capacity in forming buds in 
the internodes.

In a study carried out by Cuenca and Vieitez (2000) to see the effect of the carbon 
source on adventitious bud differentiation in leaves and internodes of F. orientalis 
with 0.5 mg/l IAA and 1 mg/l TDZ, these authors showed that both the percentage 
and number of adventitious buds per explant were significantly affected by the type 
and the concentration of sugar used, with 3–4% glucose giving the best results.

The elongation of the adventitious buds was promoted by storing them under a 
dim light at 3–4 °C for 2 months (Vieitez et al. 2003). The importance of a cold stor-
age period for elongation of shoots induced with TDZ has been described previ-
ously by Huetteman and Preece (1993).

9.11  Genus Quercus

The genus Quercus consists of about 400 species distributed throughout the temper-
ate regions of the world (Johnson et al. 2002). These trees can reach a height of 
30–40 m and live for 800 years or more. Of the 24 species of oak and their hybrids 
that inhabit Europe, Q. robur L. and Q. petraea L. have a higher number of speci-
mens and are the most important from an economic and ecological point of view. 
Together with these species, Q. suber L. and Q. ilex L. should also be mentioned as 
species characteristic of Mediterranean ecosystems. In America, Q. rubra L. and Q. 
alba L. are the most important and most widely represented (Vieitez et al. 2012). 
There are also more than 35 species of Quercus reported in the Himalayan region 
(Singh et al. 2011).

As in the majority of the Fagaceae, the regeneration of Quercus spp. is reported 
to be gradually deteriorating due to extensive harvesting, irregular fructification, 
unavailability of seed every year, and predation, as well as the difficulties encoun-
tered with their propagation using conventional methods, particularly when they are 
adult specimens (Vengadesan and Pijut 2009). There has also been the loss of a 
large number of specimens in the last few years, among other causes, due to that 
known as oak decline syndrome. This is a gradual and episodic phenomenon char-
acterized by a loss of vigor that seems to be caused by an interaction between sev-
eral biotic and abiotic factors (Vieitez et al. 2012). The need for plantations with 
high value genetic material has favored the application of micropropagation tech-
niques in this genus.
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9.12  Proliferation of Axillary Buds and TDZ

Benzyladenine, in different concentrations, is the most widely used cytokinin for 
the proliferation of axillary buds in the genus Quercus. However, Chalupa (1988) 
evaluated the effect of TDZ in cultures of juvenile (3–6 months) and adult (30–
50 years) origin from Q. robur. TDZ significantly affected the elongation and mor-
phology of the shoots. At very low concentrations (0.001–0.004 mg/l), it promoted 
proliferation, but at higher concentrations (0.01–0.02 mg/l), it stimulated the forma-
tion of a large amount of callus, and the shoots developed were short and fewer in 
number (Table 9.3).

In Q. euboica Pap., an endemic species of Greece, Kartsonas and Papafotiou 
(2007) studied the effect of different cytokinins (KIN, zeatin, 2iP, BA, and TDZ) in 
the multiplication of shoots established from material of adult and juvenile origin. 

Table 9.3 Summary of studies on micropropagation of different species of Quercus

Species Treatment Observations References
Axillary shoots

Q. robur WPM o BTM + 
0.001–0.004 mg/l 
TDZ

Promotes shoot proliferation Chalupa (1988)

Adventitious shoots
WPM o BTM + 
0.01–0.02 mg/l TDZ

Also combinations of TDZ with 
BA or PBA

Chalupa (1988)

MS + 0.1–1 mg/l 
TDZ

Cotyledons of somatic embryos Martínez et al. 
(2008)

Somatic embryogenesis
MS + 0.01–0.02 mg/l 
TDZ

Favors the conversion of the 
somatic embryos

Martínez et al. 
(2008)

Axillary shoots
Q. euboica WPM + 0.02 mg/l 

TDZ
Inhibits bud development Kartsonas and 

Papafotiou (2007)
WPM + 0.1 mg/l 
TDZ

Totally ineffective Kartsonas and 
Papafotiou (2009)

Axillary shoots
Q. serrata WPM + 1.5 mg/l 

TDZ
Very short shoots and small leaves Pandey and Tamta 

(2014)
Axillary shoots

Q. rubra MS + 0.1 mg/l TDZ+ 
BA

Elongation of the shoots in 
medium with BA and GA3

Vengadesan and 
Pijut (2009)

Somatic embryogenesis
Q. ilex MS + 0.2 mg/l TDZ+ 

picloram
TDZ did not produce somatic 
embryos. Better treatments: NAA 
or IAA with BA

Martínez et al. 
(2017)

WPM Lloyd and McCown’s medium (1980), BTM broad-leaved tree medium (Chalupa 1981), 
TDZ thidiazuron, BA benzyladenine, PBA N-(phenylmethyl)-9-tetrahydro-2H-pyran-2-yl)-9H- 
purin- 6-amine, MS Murashige and Skoog’s medium (1962), GA3 gibberellic acid, NAA naphtha-
lene acetic acid, IAA indole-3-acetic acid
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The percentage of explants that formed shoots was affected by the cytokinin type 
and concentration. The cultures in medium with BA and zeatin gave the best results; 
with TDZ (0.02 mg/l) in the medium, the percentage of shoot formation was zero. 
This result was corroborated in a subsequent work carried out on this same species 
(Kartsonas and Papafotiou 2009).

With material of juvenile origin from Q. serrata Thunb., a native species of east 
Asia, Pandey and Tamta (2014) studied the effect of different cytokinins (BA, 2iP, 
KIN, and TDZ) (0.5, 1, 1.5  mg/l) in the proliferation of shoots. Although TDZ 
(1.5 mg/l) enabled the maximum number of explants to be obtained, these were 
short and with swollen bases and small leaves without expanding. The medium 
supplemented with BA (1 mg/l) produced a relatively lower number of shoots per 
explant, but these reached the greatest lengths, and their leaves appeared healthy 
and well expanded.

The in vitro propagation of Q. rubra was achieved from plantlets of 8 weeks by 
Vengadesan and Pijut (2009) using MS medium supplemented with 1 mg/l BA and 
0.1 mg/l TDZ. TDZ together with BA stimulates the development of a large number 
of shoots, but this combination did not allow the subsequent growth and develop-
ment of the shoots. According to these authors, TDZ produced cell division, but not 
elongation as occurred in Acer grandidentatum (Bowen-O’Connor et al. 2007). The 
addition of BA (1 mg/l) and gibberellic acid (0.05 mg/l) to the medium was neces-
sary in order to stimulate the elongation of the shoots.

9.13  Differentiation of Adventitious Buds and TDZ

Adventitious buds were differentiated in the callus developed on the basal part of 
oak shoots (Q. robur) cultivated in medium with TDZ (0.01–0.02 mg/l). A higher 
concentration of TDZ (0.05–0.1 mg/l) promoted the formation a large quantity of 
callus and inhibited the elongation of the buds. The combinations of PBA or BA 
with TDZ also promoted callus formation and the differentiation of adventitious 
buds (Chalupa 1988) (Table 9.3).

Martínez et al. (2008) observed the differentiation of adventitious buds in coty-
ledons of somatic embryos of Q. robur treated with0.1–1 mg/l TDZ (Fig. 9.1d).

9.14  Somatic Embryogenesis and TDZ

Martínez et al. (2017) studied the effect of different growth regulators (BA, IAA, 
NAA, IBA, picloram, and TDZ) in order to induce the formation of somatic embryos 
in leaves and apices from in vitro shoots cultures of Q. ilex. The best results were 
obtained with the apical explants and the combination of NAA or IAA (4 mg/l) with 
BA 0.5 mg/l. Thidiazuron was not effective in the induction of somatic embryogen-
esis in this species (Table 9.3). Martínez et al. (2008) determined the ability of TDZ 
to improve the conversion capacity of somatic embryos induced in adult material of 
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Q. robur, incorporating it into the germination medium (MS) for short periods of 
time. According to these authors, the addition of TDZ to the germination medium 
induces the formation of multiple buds in the epicotyl area. The exposure of somatic 
embryos to 0.01–0.02  mg/l TDZ for 7  days increases the frequency of somatic 
embryos with elongated shoots (Fig. 9.1e). TDZ at 0.02 mg/l increases the conver-
sion percentages by up to 64% in one of the genotypes studied (Sainza).

9.15  Concluding Remarks and Future Prospects

In forestry terms, the members of the Fagaceae family are considered to be of great 
economic and ecological importance, occupying a wide ecological niche in the 
northern hemisphere. However, the vegetative propagation of the majority of the 
species of this family presents considerable difficulties, especially when the selected 
material is of adult origin. From a few decades ago, biotechnology offers new meth-
ods for the propagation, improvement, and conservation of plant material and is 
particularly suitable in the case of recalcitrant species.

In the in vitro culture of plant material, we are able to consider (1) the prolifera-
tion of axillary buds, considered as the simplest and efficient method for maintain-
ing the genetic stability of the regenerated plants; (2) the differentiation of 
adventitious buds (although it is not desirable for clonal propagation, it does offer 
an excellent opportunity to capture somaclonal variations, obtain chimeral modifi-
cations, and apply selection and mutagenic pressures due to the adventitious nature 
of regeneration); and (3) the somatic embryogenesis, which is considered as an 
ideal regeneration system for genetic transformation studies and for the mass propa-
gation of plants.

The application of micropropagation requires the use of culture media supple-
mented with various growth regulators, mainly auxins and cytokinins. Among these 
latter, TDZ has been used successfully in the micropropagation of numerous species 
and is considered as one of the most powerful diphenylureas evaluated in plant tis-
sue culture. Despite this, it has not been widely used in the micropropagation of 
Fagaceae, being replaced by other purine-type cytokinins, such as benzyladenine or 
zeatin. Further studies will lead to the development and use of better and more pow-
erful growth regulators that will make it easier for the in vitro propagation of mate-
rial collect from selected adult trees or the differentiation of adventitious buds and 
somatic embryos that will allow carrying out works on genetic improvement and 
conservation of these species.
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Abstract
Thidiazuron (TDZ) has been in use for in vitro shoot regeneration, in particular, 
recalcitrant woody perennials. Owing to its superiority over natural cytokinins in 
plant regeneration, TDZ has been the plant growth regulator (PGR) of choice for 
mature tissues. In majority of the tree species, TDZ has induced regeneration via 
axillary shoot proliferation, adventitious shoot organogenesis and somatic 
embryogenesis. Interestingly, TDZ has evoked different regeneration routes from 
the same explant at different concentrations. In addition, various other factors 
like pretreatment, explant type, maturity, orientation, TDZ concentration, combi-
nation with other PGRs and organic additives interact synergistically to promote 
shoot regeneration. Despite being potent PGR, supra-optimal level of TDZ pro-
duces shoot abnormalities like vitrification/hyperhydricity (stunted shoots) or 
fasciation (fused shoots). In shoot organogenesis and somatic embryogenesis, 
prolonged exposure to TDZ resulted in callus necrosis or reversal of shoot buds 
or somatic embryos to callus. Therefore, this review paper is intended to bring 
out the effectiveness of TDZ in woody plant tissue culture. The authors also 
emphasize on various interacting factors to minimize the negative consequences 
of TDZ treatment.
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Abbreviations

BA Benzyladenine
GA3 Gibberellic acid
IAA Indole-3-acetic acid
IBA Indole-3-butyric acid
Kin Kinetin
MS Murashige and Skoog
NAA α-naphthalene acetic acid
PGR Plant growth regulator
SE Somatic embryo
SSE Secondary somatic embryo
TDZ Thidiazuron

10.1  Introduction

Discovery and the application of plant growth regulators (PGRs) have revolution-
ized the field of plant tissue culture. Shoot regeneration of plants under in  vitro 
conditions depends on the specific balance of PGRs (natural and synthetic) such as 
auxins and cytokinins. Cytokinins are n6-substituted adenines that regulate cell divi-
sion and cell differentiation in plants. Based on the chemical structure of the side 
chain, cytokinins fall into two categories: isoprenoid and aromatic. Benzyladenine 
(BA) or kinetin (6-furfurylaminopurine, Kin) are the most frequently used aromatic 
natural cytokinins (Kieber and Schaller 2014) in tissue culture systems but with 
limited success in woody plant regeneration (van Staden et al. 2008). On the other 
hand, synthetic analogues of natural cytokinins have evoked striking regeneration 
potential in recalcitrant woody tissues (Ďurkovič and Mišalová 2008). Thidiazuron 
(TDZ) is a synthetic phenyl urea (n-phenyl-n′-1,2,3-thiadiazol-5-yl-urea) with 
growth-promoting activity like cytokinins in plant cell cultures (Mok et al. 1982). 
Manufactured primarily for its use as a defoliant for cotton (Arndt et al. 1976), TDZ 
has induced a variety of morphogenetic responses in plant cells in vitro till date 
(Huetteman and Preece 1993; Zhang et al. 2016). TDZ was highly effective than 
other cytokinins at very minimal concentrations because of its stability to withstand 
degradation by cytokinin oxidases (Mok et al. 1987).

Propagation of woody plants by in  vitro techniques is a challenging task, as 
majority of the tree species are recalcitrant. TDZ supplementation in the culture 
media significantly reduced the limitations encountered with the regeneration of 
recalcitrant tissues. Explants from mature trees that are non-regenerative using 
other cytokinins underwent rapid proliferation in the presence of TDZ (Huetteman 
and Preece 1993). Thus TDZ has played a significant role in ex situ conservation of 
trees by facilitating regeneration via micropropagation, shoot organogenesis and 
somatic embryogenesis (Murthy et al. 1998; Cuenca et al. 2000; Bunn et al. 2005). 
The morphogenetic route in TDZ media is greatly dependent on the factors like 
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pretreatment, explant type, maturity, orientation, TDZ concentration, combination 
with other PGRs and organic additives. This paper comprehends the successful 
application of TDZ in woody plant tissue culture with critical reviews on various 
parameters to be considered under different culture conditions when the media is 
amended with TDZ.

10.2  Micropropagation

Woody perennials are predominantly exploited for their timber products. Forest 
trees find their utilization in agroforestry (Kuzovkina and Volk 2009), phytoreme-
diation (Perttu and Kowalik 1997; Vervaeke et al. 2003) and production of biofuels 
(Mashkina et al. 2010). Continued over-exploitation and indiscriminate logging of 
trees for the welfare of humankind had resulted in the shrinking of forest resources 
(Newton et  al. 1999). Around 9000 tree species worldwide are threatened with 
extinction (Oldfield et al. 1998). In vitro propagation has emerged as a boon for the 
ex situ germplasm conservation of economically important tree species (Vinoth and 
Ravindhran 2013). It circumvents the need to exploit natural resources, thus pre-
serving the tree populations in their natural habitats. Micropropagation is a useful 
means of mass propagating plantlets from young or mature tree tissues with a lower 
risk of genetic instability, than those obtained by other regeneration pathways (Rao 
and Lee 1986). Establishment of plantlets via micropropagation involves three 
phases, namely, axillary shoot proliferation, shoot elongation and rooting of in vitro 
shoots. TDZ plays a promising role in the entire regeneration processes. Protocols 
employing TDZ for the axillary shoot proliferation of various tree species until the 
1990s have been described in Huetteman and Preece (1993). Table 10.1 reports the 
use of TDZ in micropropagation of woody plants from the late 1990s till date.

Table 10.1 Successful application of TDZ in micropropagation of woody plants

Species Explant
Effective TDZ 
concentration (μM) References

Dendrocalamus 
strictus

Node 2.27 Singh et al. (2001)

Leucaena 
leucocephala

Immature zygotic 
embryo

0.26 Pal et al. (2012)

Cotyledonary node 0.23 Shaik et al. (2009)
Pinus massoniana Node 4.0 Wang and Yao (2017)
Salix tetrasperma Node 2.5 Khan and Anis (2012)
Sterculia urens Node, cotyledonary 

node
0.90 Devi et al. (2011)

Vitex trifolia Node 5.0 Ahmed and Anis (2012)
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10.2.1  Axillary Shoot Proliferation

In micropropagation, TDZ revives the meristematic activity of lateral buds sup-
pressed by apical dominance and promotes multiple shoot formation (Table 10.1). 
TDZ concentration and exposure are pivotal in modulating axillary shoot prolifera-
tion in woody plants (Fig. 10.1). In majority of the woody species, shoot prolifera-
tion showed an increasing trend with the increase in TDZ concentration (Singh et al. 
2001; Faisal et al. 2005; Ahmad and Anis 2007). But the optimum concentration 
varied depending on the species as indicated in Table 10.1. In Salix tetrasperma, 
commonly called as ‘Indian Willow’, nodal explants cultured on 2.5 μM TDZ pro-
duced 90% regeneration response with 4.53 shoots per explant (Khan and Anis 
2012). In Leucaena leucocephala, a fast-growing tree legume, the optimum concen-
tration of TDZ varied based on the type of explants used (immature zygotic embryo 
(1.5 μM) and cotyledonary node (0.23 μM)) (Shaik et al. 2009; Pal et al. 2012). 
Unlike other cytokinins which are active at higher concentrations, TDZ is highly 
effective in axillary shoot proliferation at very low concentrations ranging from 
0.1 nM to 10 μM. The physiological role of TDZ in shoot proliferation is attributed 
to the accumulation of endogenous cytokinins, conversion of cytokinin nucleotides 
to potent biologically active nucleosides and enhanced translocation of auxins to 
axillary meristems (Capelle et al. 1983; Thomas and Katterman 1986; Murch and 
Saxena 2001).

TDZ promotes shoot proliferation in different explants which are otherwise 
unresponsive to other PGRs. For example, in bamboo, nodal explants collected 
from the base to the shoot apex of in vitro germinated seedlings produced multiple 
shoot buds in TDZ liquid media. On the contrary, in TDZ-free media, only basal 
node showed slight response, while nodes closer to the apex failed to regenerate 
(Singh et al. 2001). In Sterculia urens, cotyledonary node from 15-day-old seed-
lings and nodal explants from 1-month-old seedlings were comparatively regenera-
tive. The difference was observed only in the mean number of regenerated shoots 
per se with TDZ × explant age interaction, where the juvenile tissues produced 
maximum number of shoots (Devi et al. 2011). It gave a clear understanding that the 
effect of TDZ in promoting regeneration competence is well pronounced irrespec-
tive of the physiological gradients along the stem and the maturity of explants.

Prolonged culture under in  vitro conditions will lead to epigenetic variation, 
thereby affecting the genetic integrity of micropropagated plantlets. TDZ favours 
rapid shoot proliferation over other adenine-type cytokinins by reducing the culture 
cycle. For instance, in S. urens, TDZ produced 19 shoots per cotyledonary node in 
2 harvests within 45 days when compared to 16 shoots in 3 harvests (63 days) using 
BAP (Devi et al. 2011). This study signified the high cytokinin activity of TDZ as 
reported by Huetteman and Preece (1993).
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10.2.2  Shoot Elongation

Shoot elongation was found to have an inverse relation to TDZ concentration and 
exposure in solid as well as liquid medium (Fig. 10.1). Shoot buds initiated at con-
centrations greater than the optimum level (0.26 μM) of TDZ failed to elongate (Pal 
et al. 2012) or showed basal callusing, shoot fasciation and necrosis (Shaik et al. 
2009), even after the removal of TDZ from the culture media in further subcultures. 
The mean number of elongated shoots was highly dependent on the dosage of TDZ 
in the shoot initiation medium (Singh et al. 2001; Shaik et al. 2009). Inhibition of 
shoot elongation by TDZ, in general, was found to be reversed upon transfer to 
PGR-free medium or to media supplemented with adenine-type cytokinins and aux-
ins. In Vitex trifolia, a shrub by tree used by tribes and native medical practitioners, 
highest shoot regeneration frequency was achieved when explants exposed to TDZ 
for 7 days were repeatedly subcultured on MS media containing a combination of 
BA (1.0 μM) and NAA (0.5 μM). Prolonged exposure in TDZ media for more than 
7 days resulted in fasciated or distorted shoots with occasional reversal of shoots 
into callus or necrotic tissues (Ahmed and Anis 2012). Similar results were observed 
in S. tetrasperma, primarily used for fuel wood and timber, when nodal explants 
were cultured in TDZ media for more than 4 weeks (Khan and Anis 2012). Shoot 
fasciation (fused shoots) is attributed to the high cytokinin activity and resistance/
inhibition of cytokinin oxidases by TDZ (Huetteman and Preece 1993).

10.2.3  Rooting

Shoots regenerated from TDZ medium often failed to root in auxin-free basal 
medium. A negative correlation was commonly observed between TDZ concentra-
tion and mean rooting percentage (Fig. 10.1). In vitro shoots of L. leucocephala 
regenerated on lower concentrations of TDZ (0.05–0.23 μM) showed poor rooting 
response compared to control, while those from higher concentrations (0.45–
2.27 μM) did not root at all (Shaik et al. 2009). This phenomenon was observed due 
to the residual effect of TDZ on the cells at the shoot base which retained their shoot 
organogenic capacity even after the removal of TDZ (Meyer and van Staden 1988). 
Rooting of such shoots required transfer to media containing different dosages of 
auxins like IBA, NAA or IAA. In a study by Khan and Anis (2012), in vitro regener-
ated shoots of willow species underwent rooting only in medium containing 0.5 μM 
IBA.  Contrastingly, shoots induced from media supplemented with TDZ higher 
than 0.6 μM showed no root development in rooting medium containing NAA or 
IBA and Kin (Pal et  al. 2012). Rooting of in vitro shoots is a vital phase which 
affects their subsequent acclimatization and survivability in field conditions. Though 
TDZ promotes rapid proliferation of axillary shoots, dosage and exposure time in 
the shoot induction medium are two critical parameters to be monitored to facilitate 
proper root development.
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10.3  Adventitious Shoot Organogenesis

Adventitious shoot regeneration is a promising approach for genetic transformation 
in tree species. Standardized protocol for adventitious shoot bud initiation is a pre-
requisite to introduce desired traits into elite tree genotypes. Shoot organogenesis 
occurs through three vital developmental stages, namely, competence (dedifferen-
tiation), determination (redifferentiation) and morphogenesis (Sugiyama 1999). 
Transition to different stages occurs by the balance of exogenously supplied PGRs. 
Among the PGRs, TDZ is highly influential in regenerating shoot buds from the 
explants of woody plants, in particular, recalcitrant genotypes (Table 10.2).

10.3.1  Callus Induction (Dedifferentiation)

Callus induction is the preliminary step to achieve shoot organogenesis from woody 
plants as explants from mature tissues fail to produce shoot buds de novo. TDZ is an 
effective PGR known for its greater ability to induce callus (Table 10.2). Various 
explants respond differently to TDZ concentration in the media. In a study on regen-
eration of Eucalyptus grandis × E. urophylla, 2.0  μM TDZ induced callus in 
95–100% of the explants (hypocotyl, cotyledon, primary leaves and cotyledonary 
node) (Barrueto Cid et al. 1999). Despite the difference in the types of explant, cal-
lus was fast-growing, homogeneous and highly regenerative. The regeneration 
potential was however maintained only until 30 days of TDZ exposure, and further 
extension beyond this time frame resulted in callus necrosis. Shoot regeneration in 
beeches (Fagus sp.), commercially important trees for timber production, was 
achieved using internodal explants through callus culture (Cuenca et al. 2000). In 
this study, callus with higher organogenic capacity was induced from different gen-
otypes of F. orientalis and F. sylvatica. TDZ was thus able to overcome the limita-
tions offered by explant type and genotypes in producing organogenic callus.

10.3.2  Shoot Bud Initiation (Redifferentiation)

Induction of adventitious shoot buds occurs either from the explant (direct) or from 
the organogenic callus (indirect). Leaf, petiole and cotyledon were the most suitable 
explants for adventitious shoot organogenesis. In Robinia pseudoacacia, seeds and 
hypocotyl were used as explants, wherein seeds formed shoots via callusing from 
the root region, while hypocotyl exhibited de novo meristematic activity in TDZ 
medium (Hosseini-Nasr and Rashid 2004). Explants from juvenile tissues of in vitro 
grown seedlings were highly competent to shoot regeneration compared to the 
in vivo explants from mature trees (Mante et al. 1989; Liu and Pijut 2008; Kumar 
et al. 2010a, b; Aggarwal et al. 2015). Explant preparation and orientation in medium 
are vital factors to be considered in shoot organogenesis. Shoot initials were induced 
from cotyledon explants primarily in the proximal regions devoid of embryonal axis 
(Mante et al. 1989; Sujatha et al. 2008). Excision of proximal part from cotyledon 
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Table 10.2 Adventitious shoot organogenesis in woody plants using TDZ

Regeneration 
route Species Explant

Effective TDZ 
concentration 
(μM) References

Direct Acacia crassicarpa Phyllode 2.27 Yang et al. (2006)
Alstroemeria sp. Leaf 10.0 Lin et al. (1997)
Hagenia abyssinica Leaf <1.0 Feyissa et al. (2005)
Nothapodytes 
foetida

Leaf 1.36 Thengane et al. 
(2001)Hypocotyl 2.27

Populus alba ×  
P. berolinensis

Stem 0.45 Wang et al. (2008)

Paulownia 
tomentosa

Leaf 22.7 Corredoira et al. 
(2008)

Pongamia pinnata Cotyledon 11.35 Sujatha et al. (2008)

Populus tremula Root 0.04 Vinocur et al. 
(2000)

Prunus serotina Leaf 4.4 Hammatt and Grant 
(1998)

P. avium Leaf 9.08 Liu and Pijut 
(2008)P. serotine 22.7

Ricinus communis Hypocotyl 1.0 Ahn et al. (2007)
Indirect Acacia mangium Embryo axes, 

cotyledon, leaf, 
petiole and stem

4.55 Xie and Hong 
(2001)

Eucalyptus grandis 
× E. urophylla

Hypocotyl, 
cotyledon, primary 
leaves and 
cotyledonary node

2.0 Barrueto Cid et al. 
(1999)

Fagus sylvatica Leaf 2.3 Vieitez and San 
José (1996)

F. orientalis Internode 4.5 Cuenca et al. (2000)
F. sylvatica
Hagenia abyssinica Leaf >1.0 Feyissa et al. (2005)
Jatropha curcas Leaf 2.27 Deore and Johnson 

(2008)
Pinus strobus Zygotic embryo 6.0 Tang and Newton 

(2005)
Prunus persica ×  
P. davidiana

Leaf 9.08 Zhou et al. (2010)

Robinia 
pseudoacacia

Seed 1.0 Hosseini-Nasr and 
Rashid (2004)

Santalum album Node 0.6 Singh et al. (2016)
Ulmus americana Leaf 22.5 George and Tripepi 

(1994)

A. Vinoth and R. Ravindhran



219

explants failed to induce shoot buds even with the supplementation of TDZ. Culturing 
of cotyledon explants with abaxial surface in the medium was more effective and 
generated more buds than the adaxial side (Sujatha et  al. 2008). Leaf explants 
responded contrastingly with higher shoot regeneration frequency when the adaxial 
side was in contact with the media (Kim et al. 2007). With petiole explants, horizon-
tal positioning induced more shoot buds than vertical placement as more surface 
area was in contact with the medium (Kumar et al. 2010b). Leaf explants closer to 
the shoot apex formed adventitious buds not only on the petiolar end but also on the 
laminar end (Corredoira et  al. 2008). Similarly, internodal explants displayed 
decrease in regeneration frequency and shoot bud number basipetally along the 
stem (Cuenca et al. 2000).

Culturing of explants in TDZ media under varied photoperiod conditions also 
affected the regeneration frequency. Pre-culturing of leaf explants under darkness 
for a short duration improved the regeneration percentage in Ficus carica (Kim 
et al. 2007). Genotype dependency was another notable factor that interplayed with 
TDZ in adventitious shoot regeneration. In trees like apple, cherry, beech and pop-
lars, TDZ was prominently superior over other cytokinins in shoot bud induction 
across different species. However, the range of TDZ concentration varied greatly 
across different genotypes (Hammatt and Grant 1998; Cuenca et al. 2000; Magyar-
Tábori et al. 2010; Aggarwal et al. 2015).

In majority of the tree species, amendment of TDZ in the shoot induction medium 
(liquid or solid) hastened the regeneration process (Sriskandarajah and Goodwin 
1998). TDZ supplementation exhibited dose-dependent response with increase in 
the regeneration efficiency until a saturation point at 10 μM (Fig. 10.1). Cuenca 
et  al. (2000) reported significant interaction between bud-forming capacity and 
TDZ concentration in beech, with optimal concentration being 4.5 μM. There are 
exceptions where the optimum TDZ concentration shifted to above 10 μM. In vitro 
regeneration frequency of Paulownia tometosa (empress tree) from leaf explants 
was maximum in the induction media supplemented with 22.7–27.3  μM TDZ 
(Corredoira et al. 2008) and that of Ulmus americana (American elm) at 22.5 μM 
TDZ (George and Tripepi 1994).

TDZ pretreatment promoted autonomous competence in cells, that is, to regener-
ate in the absence of PGRs. An interesting observation was recorded in Hagenia 
abyssinica, where TDZ concentrations less than 1.0 μM induced direct shoot buds 
while above 1.0 μM produced callus. The calli exhibited 96–100% regeneration 
when TDZ was removed or supplemented at lower concentration (0.1 μM) (Feyissa 
et al. 2005). In another study, TDZ-pretreated calli derived from cotyledons, hypo-
cotyls or cotyledonary nodes were able to regenerate shoot buds in PGR-free 
medium (Barrueto Cid et al. 1999). Therefore, it is clearly evident that TDZ could 
act as a sole PGR that positively influenced the regeneration ability without requir-
ing the need for combination with other auxins/cytokinins in the induction medium. 
Even the report discussed below describing the combination of auxins/cytokinins 
with TDZ for shoot bud induction indicated the prominent role of TDZ in the syn-
ergistic interaction. In a study by Deore and Johnson (2008), TDZ (2.27 μM) + BA 
(2.22 μM) + IBA (0.49 μM) induced maximum adventitious shoot buds (53.5%) in 
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leaf disc explants. Elimination of TDZ from this combination drastically reduced 
the shoot bud induction and resulted in higher callus induction, thereby displaying 
its necessity for the promotion of organogenic competence.

Conclusively, in spite of TDZ being potent cytokinin to initiate shoot organogen-
esis in recalcitrant tissues, explant type, explant age, preprocessing of explants, 
physiological gradients in parent tissue, orientation in the medium, photoperiod and 
genotype exhibited synergistic interactions to promote regeneration competence in 
cells.

10.3.3  Shoot Morphogenesis and Rooting

Amendment of TDZ greater than 10 μM in the shoot induction medium suppressed 
the elongation of shoots, thereby reducing the number of harvestable shoots. In 
Fagus sp., TDZ greater than 8.9 μM produced bud clusters on callus, which were 
dense and compact mass of minute buds. At still higher concentration, shoot buds 
appeared as green nodular organogenic patches which failed to elongate into shoots 
(Cuenca et al. 2000). This was attributed to the compaction of shoot buds due to 
spatial constraint. The shoot clusters also required longer time to develop into indi-
vidual shoots (Liu and Pijut 2008; Kumar et al. 2010b). In some cases, shoots were 
hyperhydric and fasciated (Pawlicki and Welander 1994; Caboni et  al. 1996; 
Dobránszki et al. 2002).

Combination of auxins, adenine-type cytokinins or organic additives was found 
to be necessary to promote elongation of shoot buds that were suppressed by 
TDZ. Regeneration of macadamia trees (Macadamia tetraphylla) from cotyledon 
explants underwent three developmental stages including callus formation, shoot 
bud initiation and shoot regeneration. Supplementation of coconut milk (2%) + 
TDZ (15 μM) improved both callus and shoot bud induction. However, the conver-
sion of buds into individual shoots required the elimination of TDZ and coconut 
milk from the shoot initiation medium and subsequent transfer to shoot develop-
ment medium containing BA alone or combined with GA3 (Mulwa and Bhalla 
2006). Likewise, in Himalayan poplar, shoot buds initiated from MS medium sup-
plemented with 0.02 μM TDZ + 79.7 mg/L adenine were transferred to elongation 
medium containing BAP and GA3 (Aggarwal et al. 2015). Barrueto Cid et al. (1999) 
reported shoot regeneration and elongation from TDZ-derived callus only upon 
transfer to medium containing BAP, NAA and GA3. Shoot elongation in Jatropha 
curcas was best achieved in medium containing 2.25 μM BA and 8.5 μM IAA 
(Kumar et al. 2010b). In all the above reports, the shoot buds did not elongate simul-
taneously, and the elongated shoots have to be excised continuously to reduce the 
growth suppression of young buds. As described in Sect. 10.2.3, rooting of in vitro 
shoots produced from TDZ media was prominent in auxin-based medium.
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10.4  Somatic Embryogenesis

Somatic embryogenesis is the most preferred regenerative pathway for mass propa-
gation of recalcitrant woody plants. As somatic embryos (SE) originate by bipolar 
development of somatic cells, SE-derived plantlets are genetically identical to the 
seed-grown plantlets. Somatic embryogenesis occurs through three stages compris-
ing of embryogenic callus induction, SE maturation and conversion of SE into 
plantlets. In addition, SEs undergo cyclic embryogenesis resulting in the formation 
of secondary somatic embryos (SSE) originating directly from primary SEs. Auxins, 
in general, are potent inducers of somatic cells transition to embryogenic cells 
in vitro. TDZ, though being a cytokinin, mimics auxins by stimulating direct and 
indirect somatic embryogenesis in several woody plants (Table 10.3).

10.4.1  Embryogenic Callus Induction

Embryogenic callus induction is the primary approach to generate SEs from woody 
tissues which are otherwise recalcitrant to de novo somatic embryogenesis. 
Embryogenic calli are characterized by nodular structures called ‘pro-embryogenic 
masses’ (Jiménez and Bangerth 2001). Supplementation of TDZ had a positive 
influence on indirect somatic embryogenesis from staminode explants of 19 geno-
types in Theobroma cacao (Li et al. 1998). Previously published reports on T. cacao 
expressed poor embryogenic response using other PGRs. In the study by Li et al. 
(1998), development of SEs required three different regeneration media: primary 

Table 10.3 In vitro regeneration of woody plants through somatic embryogenesis using TDZ

Regeneration 
route Species Explant

Effective TDZ 
concentration 
(μM) References

Direct Melia azedarach Immature 
zygotic embryo

13.62 Vila et al. (2003)

Santalum yasi × S. 
album

Node 4.55 Zhang et al. (2016)

Indirect Eucalyptus 
microtheca

Green twigs 0.45 Mamaghani et al. 
(2009)

Murraya koenigii Zygotic embryo, 
cotyledon

4.54 Paul et al. (2011)

Paulownia 
elongata

Leaf, internode 0.45 Ipekci and 
Gozukirmizi (2004)

Theobroma cacao Staminode 0.02 Li et al. (1998)
Secondary 
embryogenesis

Cinnamomum 
camphora

Immature 
zygotic embryo

0.90 Shi et al. (2010)

M. koenigii Zygotic embryo, 
cotyledon

9.08 Paul et al. (2011)

Prunus avium × P. 
pseudocerasus

Transgenic roots 0.45 Pesce and Rugini 
(2004)
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callus induction, secondary callus growth and somatic embryo development. TDZ 
(22.7–454.5 nM) was amended only in the primary callus induction medium for a 
short exposure of about 2 weeks. Inclusion of TDZ in the initial stages displayed a 
positive correlation between embryogenic callus induction and conversion of pro- 
embryogenic masses into SEs compared to TDZ-free medium. The highest number 
of SEs (46 per responsive staminode) was obtained in medium containing minimal 
concentration (22.7 nM) of TDZ. This dosage of TDZ was 20–600-folds less, when 
compared to other studies in Table 10.3, thus providing a clear evidence of its high 
growth-promoting activity even at negligible concentrations. Deviation above this 
optimum concentration (22.7 nM) resulted in necrotic tissues while below produced 
poor callogenic response (Li et al. 1998). In Paulownia elongata, higher concentra-
tion of TDZ (18.16 μM) favoured embryogenic callus induction from leaf and inter-
node explants of micropropagated plantlets (Ipekci and Gozukirmizi 2004). 
Nevertheless, the dosage of TDZ required to induce embryogenic competence var-
ied according to the tree species.

10.4.2  Somatic Embryo Maturation

Maturation of SEs occurs through four developmental stages (globular, heart- 
shaped, torpedo and cotyledonary stage) commencing from small rounded structure 
and terminating into bipolar structure bearing shoot apical meristem embedded 
between a pair of cotyledons, hypocotyl and a root axis. Differentiation of SEs is 
characterized by accumulation of lipid-rich globular bodies (Bandyopadhyay and 
Hamill 2000). Usually, SEs of various medicinal plants undergo maturity when 
transferred to media containing cytokinins like BA and Kin, while TDZ resulted in 
reversion to callus (Baskaran and van Staden 2012). In woody plants, TDZ had 
higher embryogenic activity than that of adenine-type derivatives.

Development of globular, heart-shaped and torpedo stage SEs in P. elongata was 
achieved on medium containing a combination of 0.45 μM TDZ and 4.64 μM Kin 
(Ipekci and Gozukirmizi 2004). Inclusion of TDZ modulated the embryogenic path-
way as direct or indirect in Murraya koenigii, commonly referred as curry plant 
(Paul et  al. 2011). Culturing of cotyledon and zygotic embryo explants in TDZ 
medium produced direct SEs, while embryogenic calli obtained from medium con-
taining 4.44  μM BA and 2.675  μM NAA formed mature SEs on exposure to 
TDZ. Concentration of TDZ above or below the optimum level (4.54 μM) could not 
trigger the sequential development of SEs from globular to cotyledonary stages 
(Paul et al. 2011). Likewise, in Eucalyptus microtheca, inclusion of TDZ facilitated 
SE formation in 81% of embryogenic calli obtained from 18.56 μM Kin + 2.68 μM 
NAA (Mamaghani et al. 2009). In total, 244 plantlets were regenerated from SEs 
with the supplementation of 0.45 μM TDZ.
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10.4.3  Somatic Embryo Germination

In several woody plant species’ embryogenic systems, the limiting step is the con-
version of SEs into plantlets. The reduction in plant recovery from SE is due to poor 
embryo quality, lack of maturation and desiccation tolerance (Etienne et al. 2013). 
Germination of SEs thus depends on the cellular organization of meristem regions 
and the sizes of vacuoles in embryo cells (Nickle and Yeung 1993; Taylor and Vasil 
1996). Prolonged culture and exposure of SEs to higher concentration of TDZ pre-
vented their precocious germination. Conversion of SEs into plantlets thus required 
transfer of cotyledonary stage SEs either to basal medium or to medium containing 
other PGRs. In Murraya koenigii, direct SEs that originated in TDZ medium failed 
to regenerate into plantlets in the same medium, while germination was achieved in 
medium containing NAA and Kin (Paul et  al. 2011). Similarly, direct SEs from 
zygotic embryo of Melia azedarach germinated into well-developed plantlets in 
quarter-strength MS basal medium containing activated charcoal (Vila et al. 2003).

10.4.4  Secondary Somatic Embryogenesis

Cyclic secondary somatic embryogenesis maintains the embryogenic competence 
of cells for longer time period. TDZ facilitates production of secondary somatic 
embryos (SSE) by interplaying with various factors like carbon source, photoperiod 
conditions, etc. (Fig. 10.1). In transgenic cherry rootstock ‘Colt’ (Prunus avium ×P. 
pseudocerasus), interaction of TDZ with maltose produced higher number of SSEs. 
On the contrary, combination with sucrose dedifferentiated the embryogenic masses 
into non-morphogenic callus. Dark incubation of embryogenic calli in TDZ medium 
was superior to light conditions in promoting secondary somatic embryogenesis 
(Pesce and Rugini 2004). In cherry and apple, higher TDZ concentration resulted in 
reversal of SSE to callus, thereby indicating the modifications in the endogenous 
auxin/cytokinin ratio (Daigny et al. 1996; Pesce and Rugini 2004). Higher concen-
tration of TDZ (9.08 μM) induced secondary embryogenesis in M. koenigii but pro-
duced abnormal embryos with fused margin, fused polycotyledons and a single 
cotyledon (Paul et al. 2011). Lower concentration of TDZ (0.90 μM) formed opaque 
white SSEs in camphor tree (Cinnamomum camphora), an indicative character of 
embryo maturation (Shi et al. 2010). Recurrent embryogenesis was observed when 
primary SE was cultured back in TDZ medium (Vila et al. 2003; Shi et al. 2010).

10.5  TDZ-Induced Stress

TDZ, being a cytokinin analogue, has severe negative consequences on in  vitro 
morphogenesis (Fig. 10.1). Though it has maximum cytokinin activity, prolonged 
exposure of explants resulted in the production of fasciated or vitrified shoots and 
sometimes leading to reversal of shoots into callus or necrotic tissues (Poudyal et al. 
2008). On the contrary, suboptimal exposure results in the dormancy or slow growth 
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of shoot buds. In somatic embryogenesis, prolonged subculture and higher concen-
tration of TDZ reduced the frequency of embryogenesis and resulted in reversal of 
embryogenic masses into non-morphogenic callus (Pesce and Rugini 2004). This 
may be attributed to the changes in the levels of the endogenous auxin/cytokinin and 
elevated levels of ethylene induced by TDZ (Lu 1993).

TDZ pretreatment also suppressed the rooting of regenerated shoots (Khan and 
Anis 2012). A report indicated the negative consequence of TDZ on seed germina-
tion which resulted in rapid expansion of cotyledons, stunted shoots and impair-
ment of root growth (Murthy and Saxena 1998). Higher concentration of TDZ 
produced an abnormality termed ‘burr knots’ in leaf explants of pear. Burr knots 
are brown, radicle-like structures that cannot differentiate into roots or shoots 
(Poudyal et al. 2008).

10.6  Conclusion and Recommendations

Plant tissue culturists have exploited TDZ to the maximum potential to induce a 
wide variety of morphogenetic responses in recalcitrant woody plants. Because of 
its greater stability and high cytokinin activity at very low concentrations, TDZ 
stands alone as a potent PGR influencing regeneration in recalcitrant tissues com-
pared to its natural counterparts. However, the use of TDZ in plant cell cultures has 
its own limitations. TDZ produces toxic effects at higher concentration and pro-
longed exposure, thereby resulting in the growth of abnormal shoots. TDZ also 
failed to overcome the differential explant response and genotype dependency, a 
similar phenomenon exhibited by other PGRs. Henceforth, it is recommended to 
carefully consider all the interplaying factors to negate the shoot abnormalities in 
using TDZ. Further investigations are also needed to elucidate the molecular mech-
anism behind in vitro shoot regeneration by TDZ. This could provide a better under-
standing for experimental design to achieve regeneration via suitable regeneration 
pathway.
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Abstract
Thidiazuron (N-phenyl-N′-1,2,3-thiadiazol-5-ylurea; TDZ) is an artificial plant 
growth regulator that is widely used in plant tissue culture. Due to its dynamic 
role in plant tissue culture, it has gained ample attention for several workers since 
the past decades. Wide array of TDZ-influenced physiological responses are 
reported in different medicinal plant species. TDZ has shown both auxin- and 
cytokinin-like effects, although, chemically, it is totally different from com-
monly used auxins and cytokinins. A number of physiological and biochemical 
events in cells are induced or enhanced by TDZ, but the mode of action of TDZ 
is yet to explore. However, varieties of underlying mechanisms have been 
revealed in several reports to defend the morphogenic events induced by 
the application of TDZ. Some reports emphasized that TDZ may modify endog-
enous plant growth regulators, either directly or indirectly, and produce reactions 
in cell/tissue, necessary for its division/regeneration. Other possibilities include 
modification in cell membrane, fluidity, nutrient uptake, transport and assimila-
tion, etc. In this review, recent advancements in TDZ application in plant sci-
ences are discussed.
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11.1  Introduction

Thidiazuron (N-phenyl-N′-1,2,3-thidiazol-5-yl-urea; TDZ) a multitask plant growth 
regulator has played a vital role to trigger differential physiological response in 
plant cell and tissue culture. Its peculiar feature is the capacity to act as the substi-
tute for the both auxins and cytokinin (Casanova et al. 2004). The TDZ is a substi-
tuted phenylurea compound known to act as cotton defoliant (Arndt et al. 1976) but 
later was found to mimic the cytokinin-like activity (Wang et al. 1986). The response 
of TDZ alone in plant tissue culture has become more advanced and continued to 
increase over the decades. The action of TDZ directly depends upon its concentra-
tion, exposure time, and cultured explants. According to Murthy et al. (1998), the 
effect of TDZ is 20 times more advanced as compared to other cytokinins, and 
hence, the comparison of TDZ and purine-based cytokine is complicated. The 
supremacy of the TDZ among other phytohormone is might be due to nutrients 
uptake capacity of the cell with the alteration in cell membrane and enhanced purine 
and cytokinin metabolism in the cell (Capelle et al. 1983). The production and accu-
mulation of phenols and enzymes like peroxidase and catalase is one of the major 
effects of TDZ activity in to the cell (Wang et al. 1991a). Moreover alteration in 
several enzyme concentrations such as ribulose diphosphate, carboxylase oxidase, 
and pentose enzymes is also an aftereffect of TDZ action (Mok et al. 1987). Wang 
et al. (1991a, b) reported that most of the TDZ-influenced enzymes are related to the 
cell wall, cell membrane, and its fluidity. They found that TDZ-influenced organo-
genesis leads a metabolic cascade which affects directly or indirectly to the other 
endogenous plant hormone. TDZ has been proved to be an effective plant growth 
regulator for shoot proliferation and adventitious shoot organogenesis in various 
plant species (Table 11.1).

Several factors including genotype, type of culture medium and explants, plant 
growth hormones, their concentration and exposure time, and environmental condi-
tion affect the adventitious shoot induction in vitro (Casanova et al. 2008; Casas 
et al. 2010). The action of TDZ has been found to promote both the organogenesis 
and somatic embryogenesis in vitro.

The concentration and duration of exposure of TDZ to the explants is well docu-
mented by several plant biotechnologists. The short time exposure of TDZ with low 
concentration has been effective for morphogenesis, while higher levels, on the 
other hand, promote callus and somatic embryo formation (Rida et  al. 2001; 
Fengyen and Han 2002; Tulac et al. 2002). The abnormal morphogenesis, stunted 
growth of shoot, hyperhydricity, and fasciculation to the cell were the consequences 
of TDZ when the exposure was extended beyond the optimum level (Huetteman and 
Preece 1993; Faisal et al. 2005; Ahmad and Anis 2007). Shirani et al. (2009) also 
reported the deleterious effect of higher concentration of TDZ in regenerated shoots 
of banana and plantain (Musa spp.) after in vitro multiplication with TDZ and BAP 
from excised shoot tips. Additionally, continuous or more than optimal exposure of 
TDZ resulted in the inhibition of shoot elongation and formation of fasciated/dis-
torted shoot development.
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A highest number of shoot were produced in Artemisia judaica when TDZ con-
centration was used at 1 μM for 20 days; when the exposure time was stretched, 
further differentiation of shoot was restricted coupled with abnormality in the shoot 
(Liu et al. 2003). Besides the magnificent response of TDZ in plant tissue culture, 
its deleterious responses were also known as the days advance. The deleterious 
effect of the continued presence of TDZ on the growth and multiplication has been 
earlier reported from time to time for several species. However the investigators 
have found a solution to overcome the harmful effect of TDZ by transferring the 
regenerated shoot to TDZ-free medium after the optimum exposure. The technique 
brings a balanced morphogenesis to the in  vitro plant, and it is used by various 
workers including Huetteman and Preece (1993), Shahzad et al. (2006), Siddique 
and Anis (2007a, b), Faisal et  al. (2008), Jahan and Anis (2009), Makara et  al. 
(2010), and Jahan et  al. (2011), Saeed and Shahzad (2015). The present chapter 
documents the detailed account of physiological and morphological effects of TDZ 
in several plant species.

11.2  Mechanism of Action of TDZ

There are several reports available dealing the physiological role of TDZ in different 
medicinal plant species. However, the mechanism of action of TDZ is not well doc-
umented, and only preliminary reports are available. The pioneer work of Hare and 
Cress (1997) for the mechanism of action of TDZ established that proline itself 
being as a stress marker was involve in the activity of TDZ (Fig. 11.1). The higher 
proline accumulation in the cell controls the NAD(P)′/NAD(P)H ratios as a conse-
quence of plant undergoing stress which favors the oxidative pentose phosphate 
pathway leading to the production of precursor for auxin and cytokinin biosynthe-
sis. In this way, the accumulations of the plant growth regulators occur as a result of 
the cascade of biochemical reactions initiated by TDZ. Murthy et al. (1996a) have 
reported high level of accumulation of proline during TDZ-induced regeneration via 
embryogenesis. In another study of Casanova et  al. (2004), they found that the 
application of TDZ at a very low concentration (0.0–0.005 μM) leads to the forma-
tion of zeatin (ZT) while at higher concentration (0.5 μM) induces isopentyl adenine 
(IP) production in carnation petals. In the recent study of Jones et al. (2007) on the 
regeneration of Echinacea purpurea, they concluded the probable role of auxin, 
indolamines, and ion signaling in the morphogenesis. They found that the level of 
endogenous indoleamines is potentially influenced by the exposure of TDZ and 
enhanced level of the calcium and sodium transport in the cell was also found by the 
TDZ activity, and hence a positive effect was shown in regeneration. 

There is another report on role of IAA published by Chhabra et al. (2008). They 
proposed that the involvement of the phytohormone is closely related to the biosyn-
thesis and transportation of IAA. These reports indicate that TDZ-influenced mor-
phogenesis is the demonstration of metabolic cross talk that includes a primary 
signaling, accumulation, and transport of endogenous plant signals such as auxin 
and cytokinin and enhanced transport of secondary messengers.
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11.3  Effect of TDZ on Organogenesis

TDZ supposes to be less susceptible to enzymatic degradation in vivo than other 
naturally occurring amino purine cytokinins and has proved to be effective at lower 
concentrations (0.0091–3.99 μM) for the micropropagation of several plant species 
(Lu 1993). It has been shown to induce high bud regeneration rates than purine- 
based cytokinins and also has capability of fulfilling both the cytokinin and auxin 
requirements of regeneration responses in a number of woody plants (Jones et al. 
2007). However, there was another report of Augustine and D’Souza in (1997) for 
the in vitro propagation of Zanthoxylum rhetsa using TDZ at higher concentration 
(2.27–145.41 μM). The use of TDZ for shoot regeneration from different explants 
has been widely reported at a great extent for a number of woody plant species such 
as Hydrangea quercifolia (Ledbetter and Preece 2004), Cassia angustifolia 
(Siddique and Anis 2007a, b), Pterocarpus marsupium (Husain et al. 2007), and 
Vitex negundo (Ahmad and Anis 2007).

Ahmed and Anis (2014) investigated the prompt response of TDZ and developed 
a rapid and commercially applicable regeneration protocol for Cassia alata. They 
tried various concentrations of TDZ with different duration of exposure; however, 
harmful effect was also shown by the in vitro culture when exposure time stretches 

Fig. 11.1 Diagrammatic representation of proposed mechanism of action of TDZ

Z. Ahmad and A. Shahzad
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beyond the optimum period. The highest number of shoots 17.9 ± 0.3 with shoot 
length of 4.6  ±  0.1  cm was achieved when the explants were exposed to TDZ 
(5.0 μM) for 4 weeks. To avoid the deleterious effect of TDZ, they were transferred 
to TDZ-free medium. Likewise in another species of Cassia, Parveen and Shahzad 
(2010) found that MS medium fortified with TDZ (2.5 μM) was optimum for the 
production of 6.7 ± 0.2 shoot per explants. To avoid the aftereffect of TDZ, the 
microshoot was consequently transferred to TDZ-free medium containing BA for 
proper multiplication, proliferation, and shoot elongation.

Sharma and Shahzad (2008) reported TDZ-induced organogenesis in 
Abelmoschus moschatus using cotyledonary explants. TDZ alone proved to be supe-
rior in comparison to the combination of BA and NAA. MS medium augmented 
with low concentration of TDZ (0.01 mg L−1) was optimum for the multiple shoot 
induction in A. moschatus, and a maximum of 16.8 ± 1.46 shoot per explants were 
achieved. Faisal and Anis (2006) studied the effect of TDZ on in vitro axillary shoot 
proliferation from nodal explant of Psoralea corylifolia, an endangered medicinal 
plant. Proliferation of shoots was achieved on MS medium supplemented with dif-
ferent concentration of 0.5, 1, 2, 3, 4, and 5  μM TDZ.  The maximum number 
(13.6  ±  1.4) of shoots per explants was obtained from nodal segments on TDZ 
(2 μM) after 4 weeks of culture and followed by the transfer to hormone-free MS 
medium wherein the shoot differentiation significantly induced to 29.7 ± 2.1 after 
8 weeks. In another study on Cassia siamea by Parveen et al. (2010), it was found 
that TDZ could not be able to evoke a significant response in the terms of shoot 
multiplication. They applied distinct concentration of cytokinin, viz., BA, Kn, and 
TDZ, alone or in combination singly or in combination with auxins for regeneration 
from excised codeledonary nodal explants, and MS + BA (1.0 μM) found to be 
best for direct shoot regeneration as it induced an average of 8.20 ± 0.66 shoots 
per explant. The regeneration frequency further improved with synergistic response 
of BA with auxin. In the highest frequency for shoot regeneration (90%), the maxi-
mum number of shoots per explants (12.20 ± 0.73) was obtained on the medium 
which consisted of MS + BA (1.0 μM) + NAA (0.5 μM) in C. siamea.

Shahzad et  al. (2006) established a protocol for the organogenesis in Acacia 
sinuata using cotyledon. All the concentration of TDZ with MS was able to gener-
ate callusing to the explants, and MS + TDZ (0.6 μM) was found to be better in the 
terms of maximum callus formation in A. sinuata. However, the callus was further 
transferred to the shooting medium augmented with BA (3.0  μM) for optimum 
shoot induction wherein 6.60  ±  0.54 shoots were produced. Cocu et  al. (2004) 
recorded highest frequency of adventitious shoot regeneration in Calendula offici-
nalis in MS medium containing TDZ (0.75 mg dm−3). Likewise, Phippen and Simon 
(2000) reported both callus and shoot induction with TDZ (16.8  μM) alone in 
Ocimum basilicum via using leaf explants. Murthy et  al. (1996) observed direct 
organogenesis and somatic embryogenesis in Cicer arietinum when cotyledonary 
explants were inoculated on BA- and TDZ-amended MS medium. Multiple shoots 
formed de novo without an intermediary callus phase at the cotyledonary notch of 
the seedlings within 2–3 weeks of culture initiation. TDZ was found to be more 
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effective as compared to BA as an inductive signal of regeneration. The TDZ 
induced multiple shoot formation at all the concentrations tested (1.0–10.0 μM), 
although maximum morphogenic response was observed at 10.0 μM of TDZ.

De novo shoot organogenesis was reported in Artemisia judaica using TDZ 
(1.0 μM) by Liu et al. (2003). The role of TDZ has also been reported in several 
herbs and shrub like, Bacopa monnieri (Tiwari et al. 2001), Artemisia judaica (Liu 
et al. 2003), Hordeum vulgare (Ganeshan et al. 2003), Cineraria maritime (Banerjee 
et al. 2004), Hyoscyamus niger (Uranbey 2005), Psoralea corylifolia (Faisal and 
Anis 2006), Rauvolfia tetraphylla (Faisal et al. 2005), Ricinus communis (Kumari 
et al. 2008), Hypericum perforatum (Murch et al. 2000), Embelia ribes (Raghu et al. 
2006), Ochna integerrima (Ma et al. 2011), Morus alba (Chitra and Padmaja 2005), 
Bauhinia tomentosa (Naaz et  al. 2012), Bactris gasipaes (Graner et  al. 2013), 
Ceropegia ensifolia (Reddy et al. 2015), and Cassia sophera (Parveen and Shahzad 
2010).

11.4  Synergistic Effect of TDZ and Cytokinin

The synergistic effect of TDZ with other cytokinin found to be very useful to trigger 
organogenesis significantly (Chen et al. 2016). Lee and Pijut (2017) proposed an 
efficient regeneration system through adventitious shoot organogenesis in black ash 
(Fraxinus nigra), an endangered hardwood. In their study the MS medium aug-
mented with BA (22.2 μM) + TDZ (31.8 μM) was found good with the production 
of 1.9 ± 0.65 adventitious shoots per leaf explant. Similarly Ouyang et al. (2016) 
reported the efficiency of combined treatment of TDZ + BA on the improvement of 
regenerability and somatic embryo formation from the leaf of Metabriggsia ovali-
folia. Chen et  al. (2016) reported a positive effect on shoot bud regeneration in 
Chirita swinglei. A maximum of 23.1 ± 0.20 shoot bud per explants were produced 
on MS + TDZ (2.0 μM) + BA (2.5 μM). The shoot bud obtained in C. swinglei 
depends upon the exposure and concentration of the TDZ. The first observation they 
recorded was the swallowing of leaf explants after culture for 15 days at (2.0 μM) 
TDZ. Some shoot buds were observed after 20 days of culture. Shoot buds were 
clearly visible as culture period was extended from 35 to 45 days. Callus could also 
be induced from leaves when α-naphthalene acetic acid (NAA) was used alone or in 
combination with TDZ and BA.

Parveen and Shahzad (2011) established a protocol for the in vitro propagation 
of the Cassia angustifolia. MS medium supplemented with TDZ (1.0 μM) was used 
for the production of organogenic calli followed by subsequent transfer to the TDZ- 
free medium augmented with different cytokinin, viz., BA, Kn, or TDZ for proper 
regeneration of shoot. They achieved a maximum of 35.63 ± 0.75 shoot per explants 
on MS + BA (2.5 μM) + NAA (0.6 μM) from the TDZ-induced calli. Zeng et al. 
(2008) reported an efficient micropropagation system for Tigridiopalma magnifica 
using leaves as explants. Up to 7.6 adventitious buds formed per leaf explant after a 
40-day culture on MS + BA (2.0 mg−1) + TDZ (0.1 mg−1). To avoid the aftereffect 
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of TDZ, the culture were transferred to the TDZ-free medium containing other 
cytokinin- like BA for enhanced proliferation rate of adventitious buds, and it 
reached to 5.7 on MS medium supplemented with 2.0 mg−1 of BA.

11.5  Effect of TDZ with Auxin/Growth Additives

The role of TDZ with different auxin and growth additives is also well documented 
by several workers. The auxin-like NAA, 2, 4-D, IBA, and IAA at various concen-
trations with optimum TDZ concentration was reported to play an important role in 
both direct and indirect organogenesis. In recent study of Baskaran et al. (2016) on 
developing a regeneration protocol for Ledebouria ovatifolia through direct and 
indirect organogenesis by using leaf explants  demonstrated that the adventitious 
shoot was best produced on MS + TDZ (5 μM) + NAA (2 μM), while organogenic 
callus was obtained on MS + IAA (2.0 μM) + TDZ (5.0 μM) + glutamine (30 μM). 
A maximum of 26.8 ± 1.06 and 32.0 ± 1.73 shoot per explants were achieved via 
direct and indirect organogenesis in L. ovatifolia.

A micropropagation protocol was developed by Babaei et al. (2014) for Curculigo 
latifolia. They used distinct concentration of auxin with optimum TDZ concentra-
tion for direct and indirect organogenesis using shoot tip explants. MS medium 
augmented with TDZ (0.5 mg L−1) + IBA (0.25 mg L−1) was found to be best for 
direct regeneration in terms of percentage of explants producing shoot, shoot num-
ber, and shoot length. Prathanturarug et al. (2012) studied the in vitro propagation 
of Stemona hutanguriana via using nodal and intermodal segment as explants. MS 
medium augmented with TDZ alone or in combination with NAA was able to pro-
mote regeneration in the S. hutanguriana. A regeneration frequency of 91.67% with 
shoot regeneration rate of 5.46 shoots/responding explant was observed when nodal 
segment inoculated on MS + TDZ (18.16 μM) + NAA (0.54 μM) for 8 weeks and 
followed by transferred to the PGR-free medium to avoid the adverse effect of TDZ.

In another study by Ma et al. (2011) on Metabriggsia ovalifolia, TDZ at higher 
concentration (5.0 μM) was found to be better for efficient propagation and regen-
eration of 36.7 shoots per leaf explants; however, the regeneration efficiency was 
further enhanced when auxin was supplemented with optimum TDZ. Among the 
various auxins, NAA at 0.5 μM with optimum TDZ concentration was efficient to 
induce a maximum of 79.1 adventitious shoots from each leaf explants. TDZ- 
mediated indirect organogenesis was also achieved by Siddique et  al. (2010) in 
Cassia angustifolia via using petiole explants excised from 21-day-old axenic seed-
lings. They used MS medium fortified with 2, 4-D (5.0 μM) and TDZ (2.5 μM) for 
the organogenic callus induction. TDZ at higher concentration (5.0 μM) was able to 
induce calli differentiation to the adventitious shoot with the highest of 8.5 ± 0.98 
shoots per culture. However, the regeneration efficiency of the explants was signifi-
cantly improved when combination of TDZ (5 μM) + IAA (1.5 μM) was applied and 
produces a maximum of 12.5 ± 1.10 shoots per culture.
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Sujatha and Dinesh Kumar (2007) compared the efficacy of cytokinin with TDZ 
for direct organogenesis in the species of Carthamus. The MS medium fortified 
with TDZ (0.2 mg dm−3) + NAA (0.2 mg dm−3) was more efficient for the induction 
of shoot from the leaf explants of C. tinctorius. On the other hand Radhika et al. 
(2006) found that optimum TDZ (0.2 mg dm−3) with high concentration of NAA 
(1.0 mg dm−3) was proved to be better for regeneration in C. arborescens. Faisal and 
Anis (2005) has set a protocol for the in vitro propagation Tylophora indica using 
petiole as an explant. They obtained optimum callus from the explants when inocu-
lated on to the MS + 2,4-D (10 μM) + TDZ (2.5 μM). To achieve the shoot induc-
tion, TDZ-derived callus was transferred to the shoot induction medium. TDZ alone 
found to be best for the shoot multiplication in T. indica and a highest of 56 ± 3.6 
adventitious shoot were obtained from the surface of the callus when MS medium 
fortified with TDZ (2.5 μM) was used. In another study of Thomas and Puthur 
(2004a, b) on a multipurpose tree, Kigelia pinnata, they used nodal segment and 
inoculated to the MS medium augmented with 2,4-D (3 μM) for callus induction. 
The obtained calli were then transferred to the shooting medium fortified with TDZ 
(3.0 μM) + NAA (0.5 μM) for the proliferation and multiplication of the shoot where 
21 ± 0.3 shoots per culture were obtained.

11.6  Effect of TDZ on Somatic Embryogenesis

Somatic embryogenetic systems are of growing interest for medicinal, ornamental, 
and horticultural plants (Ji et al. 2011). Dedifferentiation of cells, activation of cell 
division, reprogramming of cell physiology, metabolism, and gene expression pat-
terns occurred during unique developmental pathways of somatic embryogenesis. 
However, morphological abnormalities such as embryo fusion and lack of suitable 
apical meristems or loss of bipolarity have occurred resulting in poor yields (Benelli 
et al. 2010). TDZ-influenced regeneration via somatic embryogenesis is well docu-
mented by several workers for different medicinal plant species. In the recent study 
of Baskaran and Staden (2017), they were able to get friable embryogenic callus 
(FEC) from the leaf explants of Lachenalia montana through suspension culture for 
the first time. Liquid MS medium (MSL) supplemented with 2, 4-D (0.5 μM) + TDZ 
(1  μM) was optimum for the formation of somatic embryos of different stages 
(globular to cotyledonary stages, respectively). However, the enhanced concentra-
tion of 2,4-D and TDZ was needed for the germination of somatic embryos, and 
liquid MS medium augmented with 2,4-D (1.0 μM) + TDZ (2.0 μM) was proved to 
be best in terms of enhanced germination frequency.

Naaty et  al. (2017) found best response for somatic embryo production in 
Schizozygia coffaeoides on the medium comprises of MS + BA (2.0 mg/l) + Kn 
(0.8 mg−1) + NAA (0.4 mg−1) + TDZ (0.5 mg−1), which survived to maturity and 
formed shoot. Baskaran et al. (2016) achieved embryogenic callus induced on liquid 
MS augmented with sucrose (15 g L−1) + TDZ (0.2 Μm) + picloram (0.1 μM) + 
glutamine (10  μM) with the highest numbers of somatic embryos, 43.2–35.6 
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(globular to cotyledonary stages, respectively). Baskaran and Staden (2014) were 
able to achieve different developmental stages of somatic embryos, globular 
embryos, partial pear-shaped embryos and club-shaped embryos obtained from leaf 
explants of Drimia robusta on MS + Picloram (10 μM) + TDZ (1 μM) + glutamine 
(20 μM). Sahai et al. (2010) developed a protocol for the in vitro propagation of an 
endangered medicinal climber Tylophora indica through leaf explants. Different 
types of calli produced on BA and TDZ-augmented MS basal medium were selected 
for shoot induction and somatic embryogenesis studies. Calli when transferred from 
BA (5.0 μM) + TDZ (2.5 μM) to the MS medium containing BA (5.0 μM) resulted 
in high-frequency shoot induction (26.8 ± 0.97 shoots/culture) along with somatic 
embryogenesis (10.20 ± 0.37 embryoids/culture) up to three subculture passages. 
Embryoids transformed into complete plantlets when transferred to growth 
regulator- free half-strength MS medium.

 Dhandapani et al. (2008) were able to achieve plant regeneration via somatic 
embryogenesis in Catharanthus roseus. The highest regeneration percentage 
through somatic embryogenesis was achieved from mature zygotic embryo on MS 
+ TDZ (7.5 μM), and further the mature embryo also regenerated efficiently via 
organogenesis in MS medium fortified with TDZ (2.5 μM) + BA (2.2 μM). Joshi 
et al. (2008) found that failure of peanut somatic embryos to convert into plantlets 
is attributed to the abnormal development of the plumule. TDZ was effective in the 
conversion of peanut somatic embryos to plantlets by triggering morphogenetic 
activity in the abnormal plumules of the rooted somatic embryos. Bud-like projec-
tions appeared in the embryogenic masses when these were cultured in media con-
taining combinations of 2,4-D and TDZ. These projections developed into buds, 
which subsequently formed shoots and plantlets. The response varied with the con-
centration and exposure of TDZ. At lower concentrations, the buds appeared in a 
defined row in the equatorial region of the explant, and with extended incubation, 
more and more buds appeared in rows alongside the initial row. Induction of 
multiple buds in a defined row in this specific site (equatorial region) suggested 
the presence of potent cells around this region. At higher concentrations, these 
projections appeared in large numbers spread over the whole upper part of the 
embryogenic mass starting from the equatorial region. The ability of embryogenic 
mass to convert into organogenic mass and to produce large number of organogenic 
buds provides an excellent system for basic studies and for the genetic transforma-
tion of peanut.

Mithila et al. (2003) observed TDZ-mediated regeneration using leaf and petiole 
explants from in vitro grown African violet plants. The response of cultures to other 
growth regulators over a range of 0.5–10 μM was 50% less than that observed with 
TDZ. A comparative study among several cultivars of African violet indicated that 
“Benjamin” and “William” had the highest regeneration potential. In “Benjamin,” 
higher frequencies of shoot organogenesis (two fold) and somatic embryogenesis (a 
50% increase) were observed from in vitro and greenhouse-grown plants, respec-
tively. At concentrations lower than 2.5 μM, TDZ induced shoot organogenesis, 
whereas at higher doses (5–10 μM) somatic embryos were formed.
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11.7  Conclusions

Regulation of cell division and cell differentiation is necessary for the morphogen-
esis either in vivo or in vitro. Auxin and cytokinin are believed to be responsible for 
this synergistic control. The present review deals the importance of TDZ, another 
class of plant growth regulators, significantly different from the cytokinin. It also 
attempts to integrate the vast amount of knowledge generated on TDZ-induced 
responses in a myriad of systems. Application of TDZ results in a wide variety of 
responses in in vitro cultured tissues, but the biochemical and physiological basis of 
the modulation of morphogenic response induced by TDZ are poorly understood. 
However, studies encompassing a wide array of species, techniques, and physiolog-
ical responses have led to several tentative models to explain the regulatory role of 
TDZ. A complete picture concerning the mechanism of action of TDZ is not likely 
to occur, and many mysteries of auxin- and cytokinin-related morphogenesis are 
resolved. Nevertheless, the recent advancement in biochemical and molecular char-
acterization of auxin and cytokinin mutants and general enthusiasm in plant growth 
regulator research promises very exciting results in the next decade. A complete 
understanding of the biochemical and physiological responses of plant tissues to 
TDZ will broaden our understanding of morphogenesis and further help in improve-
ment of tissue culture technology.
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Abstract
Thidiazuron or TDZ is a substituted phenylurea derivative, N-phenyl-N′-l, 2, 
3-thidiazol-5-ylurea, extensively used in the in vitro morphogenesis of different 
plant species, including those found in Himalayas. The plants have ranged from 
the advanced monocotyledonous to dicotyledonous angiospermic plants to gym-
nosperms and even pteridophytes. While some of these plants are endemic to the 
Himalayas and are medicinally important, others have been introduced into the 
region for their immense commercial values. Optimal morphogenic responses 
obtained in these plants have varied with the concentration of TDZ used and its 
duration of exposure. These in turn have depended upon the explant and the 
media used, and also the plant species targeted. While in some cases TDZ alone 
evoked the desired responses, a combination of TDZ with other PGRs was 
required in other cases. The findings of these reports have been reviewed in the 
present article. Attempts have also been made to collate these findings into a 
ready reckoner for researchers working on in  vitro morphogenesis of various 
plants inhabiting the Himalayas.
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Abbreviations

2, 4-D 2, 4-Dichlorophenoxyacetic acid
B5 Gamborg medium
BAP Benzylamino purine
DCR Douglas-fir cotyledon revised medium
Kn Kinetin
LS Linsmaier and Skoog medium
MRM Modified rhododendron medium
MS Murashige and Skoog medium
NAA Naphthalene acetic acid
nM Nanomole
PGR Plant growth regulator
PLBs Protocorm-like bodies
pM Picomole
TDZ Thidiazuron
WPM Woody plant medium
μM Micromole

12.1  Introduction

Significant progress has been made in the field of plant tissue culture since the con-
ceptualization of cellular totipotency by Gottlieb Haberlandt in 1902  (Haberlandt 
1902). Considerable progress has been also made since the establishment of the regu-
latory role of ‘plant growth regulators’ (PGRs) in morphogenesis during the twentieth 
century (Laimer and Rüccker 2003). Ever since then, PGRs have continued to be the 
most important underlying factor dictating morphogenesis, or in other words, the for-
mation of discrete organs and/or somatic embryos in cultured cells and tissues 
(Roberts and Hooley 1988; Jime’nez 2005; George et al. 2008). Initially, the first natu-
ral auxin, indole-3-acetic acid and the first cytokinin, i.e. 6-furfuryl- aminopurine or 
kinetin, were discovered by Kögl et al. (1934) and Miller et al. (1955), respectively. 
These paved the way for the identification of a number of other naturally occurring 
PGRs. Thus, only naturally occurring PGRs were used for the induction of in vitro 
morphogenesis in plants (Murashige 1979; Laimer and Rüccker 2003). With advances 
in chemical sciences, however, the use of synthetic PGRs gained increasing popularity 
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(Gianfagna 1987; Nickell 1994). The compounds opened up multiple opportunities 
for the use of plant tissue culture techniques in fields as diverse as basic botany, bio-
chemistry, agriculture, crop improvement and biotechnology. Since then, a wide vari-
ety of synthetic PGRs have been synthesized and successfully employed for in vitro 
morphogenesis and plant regeneration (Murthy et al. 1998; Gaba 2005). The substi-
tuted phenylurea derivative, ‘thidiazuron’ (N-phenyl-N′-l, 2, 3-thidiazol-5-ylurea) or 
TDZ, is one such synthetic PGR that has been popularly used in cultured cells and 
tissues of plants for in vitro morphogenesis. This moderately soluble, light yellow-
coloured crystalline compound was first used by Arndt et al. (1976) for the abscission 
of turgid green leaves and for easing the plucking of cotton bolls.

Structurally, TDZ has two functional groups, the phenyl and the thidiazol groups. 
Any replacement of these functional groups results in significant reduction in the 
activity of TDZ.  Hence, these functional groups are considered to be absolutely 
essential for high cytokinin-like activity in cultured cells and tissues (Mok et al. 
1982). This cytokinin-like activity of TDZ is retained even at micro, nano as well as 
picomole concentrations (Preece et al. 1991; Mondal et al. 1998; Sandal et al. 2001). 
This property of TDZ distinguishes it from all other synthetic PGRs.

According to various reports published during the last 17 years, the cytokinin- 
like activity of TDZ has been extensively exploited for the regeneration and micro-
propagation of different plant species. The PGR has been particularly effective in a 
number of herbaceous to woody tree species (Murthy et  al. 1996, 1998). While 
many of these plants had remained unresponsive to other PGRs and were generally 
recalcitrant to in  vitro morphogenesis, TDZ was extremely effective in evoking 
regeneration responses in such plants. Significant improvement in already estab-
lished micropropagation systems by TDZ has been also reported. For example, a 
two fold improvement in micropropagation of tea (Mondal et al. 1998; Sandal et al. 
2001), banana (Lee 2005) and rapeseed (Roh et  al. 2012) but four- to five  fold 
improvement in case of Morus indica (Gupta et al. 2009) was reported.

12.2  TDZ in the Micropropagation of Himalayan Plants

The Himalayas being the hot spot of biodiversity are also the treasure trove of 
medicinally important plants (Sharma et  al. 2009). These high-value medicinal 
plants are the subject of indiscriminate harvesting and ruthless exploitation. Thus, 
their conservation programmes have often required tissue culture interventions. 
Consequently, various in vitro approaches were employed, and a number of high- 
value rare, endangered and threatened medicinal plants were effectively regenerated 
(Faisal and Anis 2004; Anis et al. 2009). Successful tissue culture of these endan-
gered Himalayan plants invariably depended upon the use of different types of natu-
ral as well as synthetic PGRs. Among these, the use of TDZ was significant (Sandal 
et  al. 2001; Faisal et  al. 2005; Ahmad and Anis 2007, 2012; Patial et  al. 2017). 
Although the in vitro regeneration response of plants generally vary from species to 
species (Ochatt et al. 2010), a number of herbs, shrubs and woody tree species that 
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inhabit different altitudinal gradients of Himalayas have benefited from the use of 
TDZ. The endangered Himalayan plants where TDZ has been used for in vitro mor-
phogenesis and plant regeneration is summarized in Table 12.1. The list includes 
gymnospermous as well as monocotyledonous and dicotyledonous plants from 
diverse altitudinal gradients ranging from the foothills of Himalayas to steep slopes, 
grassy plains and river banks covering warm subtropical to cooler temperate, alpine, 
subalpine and cold desert regions (Fig. 12.1).

12.2.1  TDZ in the Micropropagation of Lower Plants

TDZ has played a significant role in the in vitro morphogenesis of several fern spe-
cies including ornamentals, medicinal as well as tree species. Earlier in 1998, 
Thakur and co-workers first reported the use of TDZ (2.27 μM) and 8.06 μM of 
N-(4-Pyridyl)- N′-phenylurea (4-PU) in half-strength liquid MS medium for high 
rates of meristem multiplication in an edible fern of temperate region, i.e. Matteuccia 
struthiopteris (L.) Todaro (Thakur et al. 1998). In another study, TDZ (2.27 μM) in 
combination with NAA (1.07 μM), 2, 4-D (1.13 μM) and BA (4.43 μM) were used 
by Winarto and da Silva (2012) for improved micropropagation of the leatherleaf 
fern, Rumohra adiantiformis, using rhizomes as explants. Later, Taha et al. (2011) 
further demonstrated an increased prothallus growth of a rare epiphytic fern, 
Platycerium coronarium (up to 2.77  mm), by culturing young sporophytic and 
gametophytic leaves for 6 weeks on medium containing 4.54 μM TDZ. Recently, 
4.54 μM TDZ and 1.61 μM NAA were again shown to promote highest rates of 
induction and multiplication of globular green bodies from in vitro juvenile sporo-
phytes of an endangered tree fern, Cibotium barometz (Yu et al. 2017). However, the 
use of TDZ in the conservation of endangered ferns of Himalayas is yet to find any 
application.

12.2.2  TDZ in the Micropropagation of Threatened 
Gymnosperms of Himalayas

The gymnospermous plants that inhabit the different altitudinal gradients of 
Himalayas constitute a striking component of the Himalayan flora. These plants 
are generally found at altitudes ranging from 800 to 4000 m amsl in both the 
eastern and western regions of the Himalayas spanning India. Many of these have 
high medicinal and commercial value and have become threatened. Thus, it is not 
surprising that some of these plants have been efficiently micropropagated using 
TDZ (Table 12.1). It was Mathur and Nadgauda (1999) who first demonstrated 
the use of 0.025 μM TDZ in combination with 2.5 μM BA in Douglas-fir cotyle-
don revised medium for adventitious shoot bud regeneration in Pinus wallichi-
ana from zygotic embryos (Gupta and Durzan 1985). However, Datta et  al. 
(2006) failed to achieve any in vitro morphogenic response in Taxus wallichiana 
zygotic embryos cultured on half-strength WPM medium containing vitamins of 
SH medium and 0.045–0.18 μM TDZ. Much later however, Bhat et al. (2014) 
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used a considerably higher concentration of TDZ (i.e. 13.62 μM) for induction of 
indirect shoot buds in 20% nodal and internodal segments as explants from Abies 
pindrow (Table 12.1).

12.2.3  TDZ in the Micropropagation of Endangered 
Dicotyledonous Plants of Himalayas

TDZ has also been effectively used for an appreciable number of endangered 
Himalayan dicotyledonous plants belonging to various families (Fig.  12.2). The 
concentration of the TDZ used for these species ranged between 0.009 and 
50 μM.  Of these, 0.4–0.6 μM followed by 2.27 μM were the concentrations of 
choice for evoking maximal in vitro shoot regeneration. These concentrations of the 
PGR promoted either direct or indirect regeneration or both in the various explants 
used by different workers (Table 12.1). In all these plants, MS medium was invari-
ably preferred for 72% species followed by WPM (Lloyd and McCown 1981) for 
14%, MRM (Modified Rhododendron medium) and ½ Gamborg medium (B5) 
(Gamborg et al. 1968) for 4% each and LS (Linsmaier and Skoog 1965) and ½ DCS 
media for 3% plant species each (Fig. 12.3a).

12.2.4  TDZ in the Micropropagation of Endangered 
Monocotyledonous Plants of Himalayas

Among the different monocot plant species reviewed in the present article, the 
members of the Orchidaceae family were found to benefit maximally from the use 
of TDZ. This was followed by three members of Zingiberaceae, two members of 
Poaceae and one each of families, Solanaceae, Stemonaceae and Liliaceae 
(Table 12.1). Of the different media where TDZ was added, MS (Murashige and 

Snowline Above 5000 m

5000 m

3660 m

2440 m

1830 m

915 m
Foothills

Alpine

Subalpine

Temperate

Subtropical

Tropical

Fig. 12.1 Different altitudinal zones inhabited by different lower and higher plants reviewed in 
the article

N. Dhiman et al.
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Skoog 1962) was the medium of choice for 88% of plants reviewed, whereas, Mitra 
medium (Mitra et al. 1976) was invariably used for 12% plants belonging to the 
Orchidaceae family (Fig. 12.3b).

While TDZ concentration as low as 0.90 μM was effective for pseudostem seg-
ments of the orchid, Cymbidium giganteum (Roy et  al. 2012), the concentration 
used for other orchids ranged between 2.2 and 6.81 μM. In the case of the family 
Zingiberaceae, 1.0 μM was used for the plant, Hedychium spicatum, whereas 0.6 
and 4.54 μM were required for its other species, i.e. H. muluense and H. coronar-
ium, respectively. Hyoscyamus niger (family Solanaceae) and Stemona tuberosa 
(family Stemonaceae) are the other two endangered monocots that required higher 
concentrations of TDZ ranging between 10 and 18.16 μM (Table 12.1).

Orchidaceae

Familywise
distribution

Liliaceae

Iridaceae

Gentianaceae Ericaceae

Fagaceae

Cucurbitaceae
Boraginaceae Berberidaceae Asteraceae Apocynaceae

Anacardiaceae

Zingiberaceae

Violaceae

Valerianaceae

Taxaceae

Theaceae

Stemonaceae

Solanaceae

Scrophulariaceae

Saxifragaceae
Salicaceae
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Fig. 12.2 Family-wise distribution of different plants (gymnosperms as well as angiosperms) that 
have been benefited by TDZ reviewed in the article
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Fig. 12.3 Percent distribution of media usage for in vitro culturing of plants belonging to different 
families with TDZ as a PGR supplement (a) dicots, (b) monocots
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12.3  Efficiency of TDZ Concentrations

The endogenous levels of auxins and cytokinins vary from plant to plant and tissue 
to tissue (Bhojwani and Dantu 2013; Sang et al. 2016). Therefore, the requirements 
of TDZ by a particular explant or plant also varies from either too low, moderate or 
too high. This explains why the concentration of TDZ used for the induction of direct 
as well as indirect in vitro shoot regeneration in different plant species inhabiting the 
Himalayas has varied with the explant used, the plant species targeted and the culture 
medium used. While concentrations ranging from 0.5 to 10.0 μM were used by dif-
ferent workers to evoke in vitro morphogenesis in different plants, concentrations as 
high as 13.6–18.16 μM were used for some other plants and explants. Still higher 
concentration like 50 μM was required for yet other plants (Table 12.1). TDZ is also 
known to trigger the autonomy of cytokinin biosynthesis in plant cells (Huetteman 
and Preece 1993; Guo et al. 2011; Patial et al. 2017). Thus, even lower concentra-
tions of TDZ is sufficient for triggering cell division in plant tissue(s) and in turn 
callusing followed by indirect morphogenesis (Lu 1993; Murthy et al. 1998; Gondval 
et al. 2016). For example, concentrations as low as 1.0 picomole to 100 nanomole 
was necessary for promoting faster and improved rates (two fold) of shoot multipli-
cation in tea in solid cultures (Mondal et al. 1998). However, shoot multiplication of 
the same plant in liquid cultures required 2.5–5.0 μM (Sandal et al. 2001).

12.4  Duration of TDZ Exposure and Explant Response

Depending on the endogenous levels of phytohormones within a cell or tissue, TDZ 
behaves like an auxin or cytokinin (Guo et al. 2011). It is also believed to convert 
cytokinin ribonucleotides into more potent cytokinin ribonucleosides (Capelle et al. 
1983). This explains why TDZ is invariably more effective than BA, particularly at 
lower concentrations (Nielsen et al. 1993; Guo et al. 2011). Nevertheless, irrespec-
tive of the concentration, the continuous presence of TDZ exerts an adverse effect on 
the morphogenic responses of different explants and plants (Murthy et  al. 1996; 
Mondal et al. 1998; Faisal et al. 2005; Faisal and Anis 2006). Thus, besides concen-
tration, the length of time to which an explant is exposed to TDZ is an important 
factor governing the morphogenic responses in a plant (Mok and Mok 1985; Murthy 
et al. 1998; Faisal et al. 2005; Ahmed et al. 2006). TDZ’s ability to trigger autonomy 
in cytokinin biosynthesis probably results in creating a supra-optimal level of cytoki-
nins within a cell. This, thereby, exerts an adverse effect on morphogenic responses 
of a cell. TDZ’s role as a strong cytokinin oxidase inhibitor during prolonged culture 
(Mok et al. 1982, 1987; Huetteman and Preece 1993; Hare and Staden 1994) is prob-
ably the other reason for the adverse effect of prolonged exposure of explants to 
TDZ. Necrosis or cell death due to continuous build-up of cytokinins during pro-
longed exposure to TDZ can thus be assumed. In order to circumvent this problem, 
different researchers have attempted short periods of exposure to TDZ followed by 
their transfer to various regeneration supporting media (Malik and Saxena 1992; 
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Mondal et al. 1998; Siddique and Anis 2007; Patial et al. 2017). In this regard, even 
3 days of exposure to TDZ has been found sufficient for evoking a morphogenic 
response in explants (Hutchinson and Saxena 1996). However, the duration for which 
an explant needs to be exposed to TDZ varies from plant to plant (Singh and Syamal 
2001; Prathanturarug et al. 2003; Tang and Newton 2005; Tao et al. 2011). Thus, 
Aggarwal et al. (2012) recommended only 2 weeks of exposure to 0.1 μM TDZ for 
in vitro morphogenesis in leaf explants of Himalayan poplar, Populus ciliata. On the 
other hand, a 30-day exposure to TDZ followed by their transfer to medium contain-
ing 5.0 μM kinetin was required for the micropropagation of Arnebia euchroma rhi-
zome buds obtained from the trans-Himalayan region at Kibber (4200 m amsl) in 
Himachal Pradesh, India (Malik et  al. 2010). In a yet another report, 60  days of 
exposure to 6.81 μM TDZ was required for Dendrobium nobile collected from east-
ern Himalayan region of Pakyong, Sikkim (Bhattacharyya et al. 2014). Sixty days of 
exposure to TDZ was also required for shoot development of Bambusa nutans 
(Mehta 2012). In each of these plants, a carry-over or residual effect of TDZ was 
observed. Since TDZ is a urea-based cytokinin, it is not amenable to degradation by 
cytokinin oxidase. Hence, it tends to remain in plant tissues to thereby impart a resid-
ual effect on explants (Makara et al. 2010). Probably, because of this the exposure of 
explants to TDZ beyond 8 weeks was not recommended by Lu (1993).

12.5  Explant Types and Variation in TDZ-Induced 
Morphogenic Responses

As in the case of other PGRs, the TDZ-dependent morphogenic responses in plant 
tissues have been found to vary with the explant type and the concentration used 
for a particular explant (Table 12.1). Depending upon the endogenous require-
ments of a tissue, TDZ behaves like an auxin or a cytokinin (Guo et al. 2011). 
Thus, TDZ can modulate the endogenous levels of both auxins and cytokinins 
within a plant cell (Visser et al. 1992; Murthy et al. 1998; Guo et al. 2011; Kou 
et al. 2016). This accounts for the differential responses of different explants of 
the same plant to the same concentration of TDZ. It also explains the differential 
requirement of TDZ concentrations by different tissues of the same plant. 
Depending upon the competence of the explant and the concentration that is used, 
a morphogenic response is generally directed towards a certain phenology 
(Christianson and Warnick 1983; Sharma et al. 2007; Pulianmackal et al. 2014). 
Thus, many a times, the same or different explants of a plant may require different 
concentrations of TDZ for morphogenic responses as varied as direct or indirect 
organogenesis or even somatic embryogenesis. For example, the same explant, 
i.e. the nodal segments of the endangered Himalayan plant, Picrorhiza kurroa, 
showed callus formation at 0.44  μM TDZ (Sharma et  al. 2010) but 1.15-fold 
increase in shoot multiplication at 0.5 μM (Patial et  al. 2017). Again, the leaf 
explants of the same plant were found to support the regeneration of about 42 
shoots per explant on PGR-free medium but after a short exposure of 15 days to 
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0.5 μM TDZ (Patial et al. 2012). At times, even different explants of the same 
plant are found to show the same response despite the use of different concentra-
tions of TDZ (Table  12.2). For example, two different explants, i.e. hypocotyl 
segments and rhizome buds of the critically endangered Himalayan plant, Arnebia 
euchroma, showed shoot development, albeit at 4.5–1.0 μM TDZ (Jiang et  al. 
2005; Malik et al. 2010). On the other hand, when the same concentration of TDZ, 
i.e. 0.45 μM, was used for two different plant species, i.e. Saussurea lappa and 
Quercus rubra, efficient shoot proliferation was recorded, irrespective of explant 
types (Johnson et  al. 1997; Vengadesan and Pijut 2009). In a similar example, 
4.54 μM TDZ supported indirect as well as direct shoot regeneration in two dif-
ferent Himalayan plants, i.e. Hedychium coronarium and Gentiana kurroo, albeit 
from different explants, i.e. rhizome buds and leaf as well as petiole explants, 
respectively. However, 0.53 μM NAA was additionally required for Gentiana kur-
roo (Sharma et al. 2014), whereas, no such additional PGR was necessary for H. 
coronarium (Verma and Bansal 2014).

12.6  Synergistic Effect of TDZ and Other PGRs

Despite being structurally dissimilar to auxins and cytokinins, TDZ induces morpho-
genic responses similar to these PGRs by mechanism(s) still unknown to researchers 
(Lu 1993; Guo et al. 2011). TDZ is believed to modulate the endogenous levels of 
auxins and cytokinins (Mok et al. 1982). Auxins or cytokinins in turn perform certain 
function(s) in a living cell or tissue, either individually or in synergy, to bring about 
various physiological and biochemical changes required for cell division and regen-
eration (Guo et al. 2011). A classic example to this effect is the demonstration of 
cytokinin-dependent cell division in soybean by Thomas and Katterman (1986). 
TDZ-induced callus growth as well as cytokinin activity higher than that of zeatin in 
Phaseolus lunatus cv. Kingston was also shown by Mok et al. (1982).

The synergistic effect of TDZ and other PGRs is also important and has been 
demonstrated in a number of endangered Himalayan plants (Table 12.1). Thus, a 
combination of TDZ and BAP was found to promote bud sprouting as well as high 
number of shoot formation in almost 90–100% explants in a variety of plants like 
the solid culmed bamboo, Dendrocalamus hamiltonii (Kapruwan et  al. 2014), 
Dendrobium chrysanthum, an orchid from Sikkim Himalayas in India (Hajong et al. 
2013) and Trichosanthes tricuspidata, an inhabitant of eastern Himalayas (Rajender 
et al. 2017) etc. Similarly, a combination of NAA or IBA and TDZ were required for 
plant regeneration in a number of endangered inhabitants of Himalayas like Malaxis 
muscifera, Aconitum balfourii, etc. (Kant 2015; Gondval et al. 2016). In a separate 
study, a combination of TDZ (2.5 μM) and the growth inhibitor, picloram (2.0 μM), 
was required for induction of somatic embryogenesis from leaf bases of Crocus 
sativus or saffron, a plant introduced from Iran into the Himalayan foothills of 
Kashmir in India (Devi et al. 2014).
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12.7  Conclusion

In conclusion, it is evident from this article that TDZ has played a vital role in the 
efficient regeneration of several endangered plants inhabiting the Himalayas. Some 
of these plants (tea, saffron and some bamboo species like Bambusa nutans) were 
introduced into Himalayas from other regions of the world and are of immense 
commercial value. TDZ helped in improving their existing micropropagation meth-
ods for generation of quality planting materials. Still other plants for which TDZ 
was employed are ruthlessly exploited natives of the Himalayas and required urgent 
conservation.
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13Thidiazuron-Induced Protocorm-Like 
Bodies in Orchid: Progress and Prospects

Suprabuddha Kundu and Saikat Gantait

Abstract
Thidiazuron (N-phenyl-N′-l,2,3-thidiazol-5-ylurea, TDZ) is a substituted 
phenylurea chemical compound that was initially produced for mechanical har-
vesting of cotton bolls. Since recent past, it has become well known as a success-
ful plant growth regulator (PGR) in plant cell, tissue and organ culture. The 
unique property of TDZ mimicking both auxin and cytokinin stimulates organo-
genic and callogenic growth of explants. In this chapter, numerous of such poten-
tials are discussed, considering the recently published reports on characterization 
of TDZ-induced orchid protocorm-like bodies (PLBs) and their subsequent con-
version. The summarized results clearly exhibit that TDZ significantly influences 
diverse culture responses starting from induction of PLB from a wide array of 
explants, rate of shoot formation, shoot number per explant and the time duration 
needed for PLB formation compared to other PGRs. A very low concentration 
(<1 μM ) of TDZ is much effective in comparison to many other PGRs; though 
TDZ may hold back shoot elongation after culturing for long duration in the 
same medium. The unwanted side effect of TDZ is that the fasciated shoots are 
formed occasionally in some orchid species after prolonged culture. Besides the 
minor disapproval, the high proliferative activity and positive response to organ-
ogenesis, TDZ has evolved to be the most active cytokinin-like PGR for in vitro 
regeneration of orchid species.
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13.1  Introduction

Since the last few decades, significant attention has been given to thidiazuron 
(N-phenyl-N′-l,2,3-thidiazol-5-ylurea, TDZ) on account of its effective activity in 
plant cell and tissue culture. When TDZ was applied to different species of plants, 
assorted forms of physiological responses were detected. Being completely dissimi-
lar to the chemistry of auxins and cytokinins, TDZ has many effects, very similar to 
both the groups of plant growth regulator (PGR). German Schering Corporation 
synthesized this compound for cotton defoliation (Gossypium hirsutum) (Arndt 
et al. 1976). As a cotton defoliant, it is marketed under the trade name DROPP® 
(NOR-AM Technical Bulletin 1987). As it induced many reactions similar to natu-
ral cytokinins, it was categorized to be a type of cytokinin initially. Later, it was 
shown that unlike traditional phytohormones, TDZ performed different regenerative 
responses in various plant species, independently. Its solubility in water is very low 
but it becomes highly soluble when dissolved in organic solvents such as benzene, 
DMSO, acetone and in ethanol. Colour is light yellow and is crystalline in nature. 
The chemical structure of TDZ is very much different from both auxins and adenine- 
type cytokinins since two functional groups, phenyl and thidiazol are present in 
TDZ molecule, and any substitute to these groups with other ring configurations 
reduces its performance. Here, the symmetrical compound, N,N′-di-thiadiazolurea, 
has the lowest activity similar to cytokinin that suggests the two ring structures 
perform complimentary roles in TDZ-induced responses (Mok et  al. 1982). The 
physiological reactions can also be infered when stock solutions have been stored 
for long since TDZ is fairly a stable compound. Latest studies show that during its 
extended storage period, short-length polymers are formed, which are also noticed 
in media and solutions following autoclaving and growth incubation. It may be thus 
possible that TDZ-efficacy, in part, can be ascribed to its storage in  the form of 
short-length polymers followed by successive discharge of these molecules in cul-
ture period later. During the 1980s, TDZ was used in tissue culture systems in form 
of potent cytokinin for regeneration of adventitious shoot, which raised an incredi-
ble curiosity of explaining the morphogenic competence of this chemical and sub-
sequent influences on plant growth. In tissue culture system of Geranium, both 
auxin and cytokinin requirement was fulfilled using active replacement by TDZ 
(Visser et al. 1992). Even at a low concentration of 10 μM, TDZ shows a great level 
of activity when performed in vitro (Preece et al. 1991), and when plant tissue is 
exposed to TDZ for a lesser period, it is adequate enough to induce revival (Visser 
et al. 1992; Hutchinson and Saxena 1996).
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13.2  What Is PLB?

For micropropagation of selected elite orchids and their genetic transformation 
studies, a plant regeneration system in the form of protocorm-like bodies (PLBs) is 
very effective (Arditti and Ernst 1993). Morel (1960) observed PLBs for the first 
time  during Cymbidium orchid shoot-tip culture. As the overall structural and 
growth features are analogous to protocorms, hence the regenerated structures are 
called ‘PLB’ (Fig.  13.1a). They are actually composed of differentiated cells 
regarded as orchid embryos (Ng and Saleh 2011) that grow with distinct bipolar 
structures (Fig.  13.1b), the upper portion becoming shoot and the lower portion 
developing into root meristem (Jones 2009). Several explants like root tips, shoot 
tips, leaf segments and flower stalk buds can be induced directly to generate PLBs. 
A thorough ontogenetic study of PLBs is not yet available, though the morphologi-
cal and structural developments are known. PLBs obtained from Phalaenopsis 
orchids have a single-cell origin as shown by Tokuhara and Mii (2003), and an 
analogous observation was also reported by Jheng et al. (2006) in case of Oncidium. 

Fig. 13.1 Orchid protocorm-like bodies (PLBs): influence of TDZ on its development and con-
version. (a) A typical PLB, (b) PLB showing its distinct bipolar (arrows) structure (for shoot and 
root formation during conversion), (c) a scanning electron microscopic image of PLB at an early 
developmental stage, characterized by globular shape, distinct protoderm in addition to leaf pri-
mordia (arrow), (d) a thin vertical section of PLB exhibiting a conventional structure with shoot 
apical meristem (SAM), leaf primordia (LP) origin and vascular tissue (VT), (e) induction and 
proliferation of PLBs through the influence of TDZ and, (f) conversion with shoot (white arrow) 
and root (black arrow) of PLBs induced by TDZ (Source: unpublished photographs of Saikat 
Gantait)
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Explants’ epidermal cell differentiates to generate PLBs (Vij et al. 1984; Chen et al. 
1999) where PLBs are likely to have a single-cell origin. In some cases, subepider-
mal cells can also lead to the formation of PLBs, which are substantiated to have 
multicellular origin (Park et al. 2002, 2003). From these examples, it can be con-
cluded that the mode of PLB induction varies significantly from species-to-species. 
From the published literature, it has often been advocated that PLBs are somatic 
embryos virtuously depending on its morphology (Ishii et  al. 1998; Huan et  al. 
2004), or even the first step in PLB development is somatic embryogenesis (Zhao 
et al. 2008). As Zimmerman (1993) pointed out that somatic embryogenesis is the 
growth of somatic cells into differentiated plants via embryogenic phases under 
suitable conditions. Then, whether PLBs are somatic embryos or not and whether 
they have the features alike zygotic embryos, prior to developing into PLBs, became 
questions. To answer these, Lee et al. (2013) conceded a comprehensive ontogenetic 
analysis of PLBs using friable embryogenic callus of Phalaenopsis by histochemi-
cal and histological techniques, followed by comparison of their ontogeny to nor-
mal in situ zygotic embryo formation and successive protocorm development. 
Furthermore, the same group employed cell wall markers of zygotic embryo spe-
cific to JIM11 and JIM20 antibodies to investigate if analogous wall proteins are 
also present during the PLB developmental pathway. They elucidated that the cyto-
plasm of the meristemoids and globular cell clusters took a vacuolated appearance 
at the early stages of PLB formation as well as starch granules and protein bodies 
were observed. Also, JIM11 and JIM20 were positively localized in the developing 
PLBs resembling zygotic embryos. For more confirmation, an inhibitor to HRGPs 
was incorporated which hindered PLB formation. The report clearly justifies the 
statement that PLBs are indeed somatic embryos of orchids, as the cells of early 
stages of PLB show cytological attributes and cell wall markers akin to zygotic 
embryo. A detailed histological study has also been carried out in Anthurium andre-
anum (Gantait et al. 2012) and monopodial orchid hybrid (Aranda Wan Chark Kuan 
‘Blue’ x Vanda coerulea Grifft. ex. Lindl.) (Gantait and Sinniah 2012). PLBs, 
beginning from induction to maturation stages, were demonstrated by thin free- 
hand sections and scanning electron microscopy. At an early developmental stage, 
PLBs were characterized by globular shape, distinct protoderm in addition to a con-
stricted basal tissue (Fig. 13.1c). Histological study showed that the anterior side of 
the PLB has an area containing dense cytoplasm. PLBs’ transverse and longitudinal 
sections at proliferating phase demonstrated meristematic zone with elliptical shape 
and surrounded by a homogeneous, parenchymatous tissue with thin-walled cells 
(Gantait and Sinniah 2012). This parenchymatic ‘tubercle’ was projected from the 
exterior of the upper part of the protocorm and linked via vascular tissue. In later 
segment of this phase, the axis turned into densely stained identifiable configuration 
in the inner portion of the PLB with distinct strands of meristematic cells that finally 
developed shoot apical meristem, and the other axis of the core produced leaf pri-
mordia. At this point, PLB exhibited a conventional structure with shoot apical 
meristem, leaf primordia origin and vascular tissue (Fig. 13.1d). Cells of the shoot 
apical meristem were smaller in dimension and compactly organized. Further 
growth of the tissue gave shoot apical meristem a dome shape. At the shoot apex, 

S. Kundu and S. Gantait



277

leaf primordia were noticeable surrounding the shoot primordia, comprising of 
small cells, undertaking anticlinal and periclinal divisions yet bordered by large 
isodiametric parenchyma cells.

13.3  Orchid PLB: Influence of TDZ on Induction

Numerous investigations in a range of orchid species documented the high effec-
tiveness of TDZ in inducing PLBs. Comparative analysis of N6-benzyladenine 
(BA), 6-furfurylaminopurine (kinetin), N6-(Δ2-isopentenyl) adenine (2iP) and TDZ 
demonstrated that TDZ performed superior to the other PGRs (Park et  al. 2002; 
Niknejad et al. 2011). Exogenous PGRs or an alteration of the cytokinin/auxin ratio 
is normally required for the induction of PLBs from somatic cells. Nonetheless, 
TDZ alone was reported to initiate PLB formation and thus bypassed the require-
ment of both classes of PGRs (Chen and Chang 2002; Roy et al. 2007, 2012; Palama 
et al. 2010; Gantait et al. 2012; Wang and Tian 2014). These findings also justified 
a role of TDZ to be involved in modulation of auxin metabolism. Murch and Saxena 
(2001) conducted an experiment, employing radiolabelled versions of TDZ, and the 
results evidenced that TDZ mediates the accumulation along with translocation of 
indole-3-acetic acid (IAA) within the plant tissues. Table 13.1 presents a collection 
of research reports that were accomplished to examine the efficacy of TDZ on the 
induction of PLB in different orchid species. TDZ has been used in the range of 
0.45–18.16 μM to stimulate PLBs (Fig. 13.1e) from flower-stalk segments (Chen 
and Chang 2000), seed-derived protocorms (Lin et al. 2000), root tip (Park et al. 
2003; Guo et al. 2010), leaf (Kuo et al. 2005; Gantait et al. 2012), shoot tip (Roy 
et al. 2007; Winarto and Teixeira da Silva 2015) as well as nodal segment (Cui et al. 
2008; Hong et al. 2010). Malabadi et al. (2004) noticed that the induction of PLBs 
was improved by increasing the concentration of TDZ from 2.27 to 11.35 μM. The 
maximum number of explants producing PLBs was observed with 11.35 μM TDZ- 
supplemented medium, which subsequently initiated the highest number of shoots 
from PLBs. Some researchers reported that supplementation of auxin was necessary 
for PLB induction (Guo et  al. 2010; Chen 2012; Winarto and Teixeira da Silva 
2015). Guo et al. (2010) cultured root tip segment in Murashige and Skoog (1962) 
(MS) medium containing 10.2 μM IAA along with 9.0 μM TDZ. Both IAA- and 
TDZ-enriched media promoted the induction of PLBs, but TDZ alone did not form 
PLB, representing a synergistic impact of the two PGRs. On the other hand, Mayer 
et al. (2010) found that the presence of auxin such as 2,4-dichlorophenoxy acetic 
acid (2,4-D) and α-naphthalene acetic acid (NAA) hindered the induction of PLBs. 
The highest rate of PLBs induction was attained when they were inoculated in a 
1.5 μM TDZ-supplemented MS medium under dark conditions. Culture medium 
containing TDZ along with 2,4-D induced callus formation in different orchids, 
such as Cymbidium (Chang and Chang 1998), Phalaenopsis (Chen et  al. 2000), 
Paphiopedilum (Lin et al. 2000; Hong et al. 2008) and Oncidium (Chen and Chang 
2000; Jheng et al. 2006). Later, Wu et al. (2012) noticed NAA in combination with 
TDZ inhibited the formation of PLBs from leaf explants. Contrastingly, 
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Sheelavanthmath et al. (2005) accounted that culture medium containing BA was 
better to TDZ for PLB induction, and 49.1 and 22.0 PLBs were obtained from pro-
tocorm and leaf explants on medium fortified with 1.0 and 2.0 μM BA, respectively. 
However, Winarto and Teixeira da Silva (2015) successfully produced PLBs by cul-
turing shoot explants on 1/2MS medium containing 1.0 mg l−1 TDZ plus 0.5 mg l−1 
BA. Further, the use of coconut water at 15% (v/v) in the medium had significantly 
influenced the proliferation of PLBs.

13.4  Orchid PLB: Influence of TDZ on PLB Conversion

It is well known that TDZ induces effective organogenesis from PLBs in diverse 
orchid species. Dosage of TDZ in the culture medium stimulates the mode of PLB 
conversion either into complete plantlet (Fig. 13.1f) or into multiple shoots only. 
Table 13.1 also represents the overview of PLB-conversion into whole plant with or 
without the help of PGRs. In comparison to other PGRs, TDZ plays its role on PLB- 
conversion at much lower concentrations. For that reason, direct assessment amid 
TDZ and different other PGRs at equimolar dosages confuse statistical analyses. 
Amino purine cytokinins have parallel ranges of action (1–5 mg l−1), but at this 
range TDZ results in callus formation as well as inhibition of shoot growth. 
Consequently, micropropagation experiments should be designed by considering 
TDZ at a range of much lower levels than the other amino purine cytokinins. In most 
of the reports, TDZ was not at all tested in PLB conversion medium. Instead, MS 
medium devoid of PGR was employed and accounted for its efficient organogenesis 
(Sheelavanthmath et al. 2005; Roy et al. 2007, 2012; Hong et al. 2010; Niknejad 
et al. 2011; Winarto and Teixeira da Silva 2015). Very limited number of reports are 
available that incorporated TDZ in the PLB conversion. Out of them, some research-
ers obtained complete plantlets with roots and shoots on the same TDZ-supplemented 
medium that was used for induction of PLBs (Chen et  al. 2002; Malabadi et  al. 
2004; Chung et al. 2007, Cui et al. 2008). On the other hand, some found that sup-
plementation of NAA into TDZ-containing medium resulted in enhanced shoot 
regeneration (Tao et al. 2011; Bhattacharyya et al. 2015). Malabadi et al. (2004) 
tested the effectiveness of TDZ on conversion of PLBs by culturing for different 
time periods (0, 2, 4, 6, 8, 10, 12 and 14 weeks) on 11.35 μM TDZ-supplemented 
medium. PLBs recorded 100% survival with maximum number (9.2  ±  2.02, 
10.2 ± 3.06) of well-developed shoots when cultured for 6 and 8 weeks, respec-
tively. However, the exposure to TDZ for more than 8 weeks caused fasciated or 
distorted shoots. Later on, to produce the adventitious shoots from PLB of C. faberi, 
Tao et al. (2011) cultured PLBs on the medium containing BA, TDZ and TDZ plus 
NAA, and the influence of these PGRs was compared. The shoot induction rate 
from PLB in the TDZ-fortified culture medium was up to 45.5% that was 2.5 times 
of BA-treated PLBs. Hong et al. (2010) reported an interesting outcome that TDZ 
had no significant effects on conversion of PLB to form shoots, but it retarded 
growth of shoot at 0.45–4.54 μM after 1 month of culture. Contrastingly, Gantait 
et al. (2012) found 1.0 mg l−1 BA along with 0.5 mg l−1 IBA and 60 mg l−1 adenine 
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sulphate to be competent enough for PLB-conversion into complete plantlet. There 
are also reports where only auxins in the regeneration medium like NAA (Wu et al. 
2012) or IAA (Vogel and Macedo 2011) was sufficient. Finally, to conclude, there 
is substantial variation and ambiguity regarding the composition of conversion 
media that ought to be worked upon and standardized in near future.

13.5  Conclusion and Future Prospect of the Use of TDZ 
in Orchid Organogenesis

Extensive advancement pertaining to in vitro regeneration of orchids during the last 
few decades has been made globally. The available literature provides considerable 
substantiation that TDZ is conceivably the most effective PGR presently obtainable 
for tissue culture of orchids (Fig. 13.2). TDZ was accounted to be superior in major-
ity of the instances and also most effective  at relatively lower concentrations, 
whereas the other cytokinins are only less effectual to induce PLB and regeneration 
as well. Majority of the reports investigating TDZ for PLB induction and subse-
quent plant regeneration in the orchids, normal development of plant devoid of any 
morphological abnormalities was observed (Guo et al. 2010; Gantait et al. 2012; 

Fig. 13.2 Advancement pertaining to in  vitro regeneration of orchids using TDZ as the most 
effective plant growth regulator during the last few decades
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Roy et al. 2012; Winarto and Teixeira da Silva 2015). Conversely, in few other reports, 
disadvantageous effects of TDZ were also talked about. In spite of the high compe-
tence of TDZ, some investigations have found hindrance in growth, related with the 
use TDZ for long culture durations. Such unwanted morphologies observed are 
abnormal leaf shape, fascinated shoots as well as stunted shoots (Malabadi et al. 
2004; Hong et al. 2010). The opposite effect may probably be due to higher cytoki-
nin activity and perseverance of TDZ traces in the plant tissue. Hence, hindrance of 
growth morphology by TDZ might be normal with its highly active nature (Nayak 
et al. 1997a, b). To overcome the issues of shoot elongation, incorporation of auxin 
in the culture medium, at lower levels along with TDZ or by subculturing the clump 
of shoots to a medium containing other PGRs like BA and NAA would be helpful. 
Shoot elongation can be attained well by transferring the regenerated shoots to a 
secondary medium devoid of TDZ or with variable levels of other PGRs which is 
adopted by majority of the researchers. Hence, a primary medium should be used 
with the inclusion of TDZ, and after attaining sufficient number of shoots; those 
should be subcultured at a secondary medium containing other PGRs for further 
normal growth and elongation. On the whole, TDZ has exhibited its capability to 
induce callusing, PLB formation, and shoot proliferation, sometimes alone and 
sometimes in combinations with other PGRs. This compound has created a new 
dimension for the utilization of PGR in en masse clonal propagation and speed up 
the process of PLB induction that could facilitate a continual supply of healthy 
propagules for large-scale production in bioreactors, and synthetic seed technology, 
or cryopreservation for conservation. It would also provide a stable supply of PLB 
for genetic transformation-oriented research. Furthermore, transgenic orchid would 
have a better possibility of survival if enhanced shoot and root formation could be 
standardized by the inclusion of TDZ in culture medium.
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14Thidiazuron (TDZ): A Callus Minimizer 
for In Vitro Plant Production

Buhara Yücesan

Abstract
Thidiazuron (TDZ) seems to be quite suitable growth regulator for rapid and 
effective plant production in vitro. In many woody and herbaceous plants, lower 
TDZ concentrations induce less callus production around the explant. However, 
there is still insufficient number of studies how actually TDZ is effective on plant 
production in vitro and which biochemical and molecular genetic mechanism are 
involved in developmental physiology. Recent studies have shown that TDZ 
affects endogenous cytokinin and auxin production, and therefore morphoge-
netic identification of cells and tissues is downregulated by various genes acting 
on auxin regulation and transport as well as cytokinin response. These hormones 
that take a role in several metabolic pathways wherein more researches are 
required to identify the direct regulator and stress signaling factors during plant 
regeneration are induced by TDZ. A closer look on these subjects may bring 
about a better understanding on why urea derivative TDZ is more effective than 
adenine types of cytokinin on most species and how low concentration of TDZ 
has been found to be useful for micropropagation, especially in wood plants. 
Lastly, why does long exposure of TDZ have not been recommended and what 
are the possible reasons of hyperhydricity, abnormal shoot growth, and difficulty 
in rooting? The answers will be quite useful for management of culture condi-
tions for the large-scale production and conservation of economical plants.
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14.1  Callus Formation in Plants

Callus is unorganized tissue mass and used widely in tissue culture systems. 
Exogenous application of auxin and cytokinin induces callus formation in many 
plant species. Generally, the ratio between auxin and cytokinin determines the fate 
of tissue morphogenesis. For instance, a high auxin/cytokinin ratio or vice versa 
ratio induces root or shoot regeneration, respectively. In this respect, other hor-
mones, such as brassinosteroid as a novel growth regulator, abscisic acid, and gib-
berellic acid, are also effective for callus induction. Generally speaking, callus is 
either embryonic/organogenic which is capable of plant organ regeneration or non- 
embryonic/organogenic. The first type of callus might be shooty, rooty, or embry-
onic callus depending on the cultivation, while non-embryonic callus persists in 
being friable or compact depending on their tissue characteristics on respective cul-
ture media (Ikeuchi et al. 2013). Callus formation can also be induced by wounding 
plant tissue and pathogens in nature. In horticultural purposes, wound-induced cal-
lus tissue was induced from debarking of trees (Cline and Neely 1983). Stobbe et al. 
(2002) reported the potential use of wound-induced calli for new tissue or organs 
from various meristematic cell types including vascular and cortex cells since they 
are highly pluripotent. Upon to molecular and physiological properties of callus 
formation, wound-induced callus is raised by upregulation of cytokinins. This pat-
tern is also caused by pathogen-related callus formation, namely, tumor induction as 
seen in many plant species infected by Agrobacterium tumefaciens (Nester et al. 
1984). These bacteria cause an infection in wound sites promoting an outgrowth cell 
mass to produce galls therein (Barash and Manulis-Sasson 2007). Although tumor 
formation is induced by pathogens, these cell mass might be capable of producing 
an intact plant due to the presence of auxin and cytokinin released by pathogens. In 
this respect, tumor formation is particularly depending on pathogen type. For exam-
ple, big vein viruses induce gall formation, and they give rise to an abnormal vascu-
lar tissue formation intervening the normal plant growth and development in host 
plants (Zhang et al. 2007). Similarly, other pathogenic organisms such as insects 
that cause gall formation (Mutun and Dinç 2011), parasitic protests, and nematodes 
that cause knot-root diseases in roots of host plants induce harmful damages in 
crops (Jammes et al. 2005). Additionally, callus formation of plants, particularly in 
Brassica, Datura, Lilium, and Nicotiana, might occur as a result of interspecific 
crosses. This naturally occurring callus tissue is also totipotent on medium-free 
growth medium when excised from hybrid plants (Ikeuchi et al. 2013 and references 
therein).

Plant tissue culture systems are widely based on hormone-applied approaches 
for plant propagation. Depending on the strategy for plant multiplication, with or 
without callus-mediated tissue culture protocols are used. Since our knowledge has 
been limited to understanding the complete genetic and epigenetic mechanisms act-
ing on the morphogenesis, callus formation in tissue culture system is still the visi-
ble tip of iceberg with auxin and cytokinin ratio. Table 14.1 shows the efficacy of 
some selected growth regulators widely used for callus morphogeny of plants culti-
vated in vitro. On the other hand, in tissue culture systems, explant type, such as 
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young embryonic axes, apical meristems, cotyledonary leaves, and immature 
zygotic embryos excised from seeds, is also effective for the maintenance of the 
callus morphogeny. Depending on the hormone concentration, duration of cultiva-
tion, and number of passages, various callus formations in plants have been largely 
reported for 50 years. Although callus cultures are useful for clonal propagation, 
they initially do not have active hormone biosynthesis (Duclercq et  al. 2011). 
However, growth media conditions amended with exogenous growth regulators 
affect the cells to be habituated; thus these cells exhibit hormone-autotroph callus 
growth after long periods of callus culture (Kreis et al. 2015). However, in some 
cases morphogenic callus tissue might account for a somaclonal variation in respec-
tive tissues. Callus-mediated somaclonal variation is therefore not preferable for 
true-to-type production, but mutant selection for desired characters can be 
applicable.

14.2  Comparison of TDZ with Other Growth Regulators

TDZ is accepted as cytokinin-like synthetic hormone, and the use of TDZ in plant 
tissue culture is increasing rapidly in the last 20 years. With a closer look on cytoki-
nins, they are a complex class of hormones (Mok et al. 1982; Huetteman and Preece 
1993). There are six commonly known naturally occurring cytokinins, namely, 
zeatin, iP (isopentenyladenosine), and DHZ (dihydrozeatin riboside) with their 
ribosides ZR (zeatin riboside), IPR and DHZR (dihydrozeatin). Of those cytokinins, 
Z, ZR, IP, and IPA are in the conjugated form, and they can be oxidized from their 
side chains by plant tissues, whereas DHZ, DHZR, and BAP (6-benzyl-adenine) are 
conjugated without any side chain cleavage, in other words without an oxidation 
(Guo et al. 2011). It is noteworthy to say that in plant tissue culture systems, pheno-
lic compounds mainly induce cytokinin oxidation, and this pattern most likely 
causes tissue necrosis that is an undesired issue for clonal propagation.

Cytokinins can be biologically inactive, and thus stable N-glycosylated on the 
purine ring or O-glycosylated on the N6-substituted side chain, that may have a stor-
age function as seen in Z and DHZ. Strikingly, cytokinins after being uptaken, very 

Table 14.1 Effects of widely used growth regulators on callus formation (shooty, rooty, or 
morphogenic)

BA KIN TDZ NAA IAA IBA 2,4-D
LC HC LC HC LC HC LC HC LC HC LC HC LC HC

Shooty callus + +++ + ++ + ++ + − − − − − + +

Rooty callus − − − − − − + +++ − + − + + ++

Morphogenic 
callus

+ +++ + ++ + ++ + +++ + + + + + +++

+ signs represent degree of callus production as follows: +, slight; ++, mild; +++, massive; −: no 
callus
BA benzyl-adenine, KIN kinetin, TDZ thidiazuron, NAA naphtylene acetic acid, IAA indole-3-ace-
tic acid, IBA indol-3-butyric acid, 2–4-D diclorophenyl-fenoxy acetic acid

14 Thidiazuron (TDZ): A Callus Minimizer for In Vitro Plant Production
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low percentage remains in free form (not conjugated). TDZ is an exception and is 
conjugated only at a very low rate. It was extrapolated that phaseolus callus cultures 
on MS medium including radioactive-labeled TDZ taken up 60% of TDZ in a non-
conjugated form (Mok and Mok 1985), whereas most purine-type cytokinins are 
considered to be some extent chemically unstable. Initially, effects of TDZ on mor-
phogenesis were discovered in woody plants, therein high rate of shoot proliferation 
was induced at very low concentrations of TDZ as compared to the other PGR. In 
tea plant, 1 μM TDZ was effective with a frequency of 96.7% of explants forming 
callus, while the lower concentrations induce the shoot formation (Table  14.2; 
Agarwal et al. 1992). This is in accordance with many reports in which very low 
concentrations of TDZ induce axillary shoot formation in many woody plants, 
whereas BAP and other cytokinins are not effective (Huetemann and Preece 1993; 
Guo et al. 2011 and references therein; Yücesan et al. 2007). In terms of callus for-
mation, it was effective at the high concentrations of TDZ; however, long exposure 
and overall callus overgrowth may result in necrosis, abnormal shoot growth, and 
difficulty in root formation (Lu 1993). Determination of critical TDZ concentration 
is important for the maintenance the fate of cell or tissue in a plant tissue culture 
system. In peanut (Gill and Ozias-Akins 1999), callus tissue on 1 or 5 μM TDZ 
continued proliferation, whereas 15 μM TDZ caused the callus to turn brown with 
inhibition of growth. In Camellia sinensis, the responsive explants were continu-
ously grown on medium containing TDZ; an overall callus overgrowth and later 
necrosis were observed. In that, the general growth of the shoots during the earlier 
stages with respect to sturdy leaves, shoot length, and shoot diameter was also better 
in explants initiated on TDZ medium in comparison to BAP (Agarwal et al. 1992; 
see Table 14.2). However, it was necessary to remove TDZ in subsequent subcul-
tures in order to increase the proliferation rates or the sturdiness of the shoots. This 
is probably due to the capacity of TDZ in stimulating endogenous cytokinin biosyn-
thesis or in altering cytokinin metabolism. In this respect, Yücesan et  al. (2015) 
reported the effect of TDZ on both shoot and root organogenesis in golden berry 
(Cape gooseberry) without any intervening callus formation on LS medium con-
taining 2.2 μM TDZ producing 5.3 shoots per explant with some root formation (3.3 
roots/shoot; Fig.14.1a–f). As seen in golden berry, without any combination with an 

Explant response (%)
Concentrations TDZ BAP

0 μM – –

100 μM 94.0 ± 1.4 CF –

10 μM 95.8 ± 1.2 CF 33.8 ± 1.0 SP

1 μM 96.7 ± 0.8 CF 12.8 ± 0.5 SP

100 nm 54.5 ± 1.2 SP –
10 nm 49.2 ± 0.7 SP –
1 nm 49.0 ± 0.9 SP –
100 pM 29.0 ± 0.9 SP –
10 pM 27.5 ± 0.6 SP –
1 pM 28.2 ± 0.8 SP –

Table 14.2 Comparison of 
TDZ and BAP on explant 
response either callus forma-
tion (CF) or shoot production 
(SP) in tea plant, Camellia 
sinensis (Adapted from 
Agarwal et al. 1992)
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auxin, TDZ might alter the auxin/cytokinin ratio in nodal explants favoring the axil-
lary regeneration. Not only cytokinin-like effect but also root induction potential of 
TDZ may fulfill the auxin requirements of regeneration systems.

14.3  Effects of TDZ on Morphogeny

There are few reports on the molecular genetic mechanism upon how plant cells 
promote the regeneration competence after subsequent induction by thidiazuron. 
Before this, it is noteworthy to mention about the acquisition of regeneration com-
petence induced by IAA. IAA is a major form of auxin and plays a critical role in 
plant physiology, i.e., auxin polarization, tissue morphogenesis, apical dominance 
and suppression of lateral branching, etc. Similarly, cytokinins participate in many 
aspects of growth and development. Very recently Kou et al. (2016) reported a novel 
study on protocorm-like body (PLB) model development system raised from callus- 
rhizoid cells of Rosa canina to attain how regeneration competence is induced by 
TDZ. In their study, PLBs are referred to as somatic embryogenesis, because the 

Fig. 14.1 Comparative steps of in vitro plant regeneration with different plant growth regulators 
(PGR) of Physalis peruviana on LS medium (Linsmaier and Skoog 1965): (a) more root formation 
on PGR-free LS medium, (b) effects of kinetin (2.3 μM) on single shoot formation with some 
expanded leaves, (c) promising effect of TDZ (2.2 μM) on direct shoot regeneration, (d) highest 
shoot elongation with smaller leaves with1.4 μM of GA3, (e) acclimatization process of the regen-
erants produced from TDZ-induced growth media, (f) successfully fruit development under ex 
vitro conditions 5 months after the culture initiation. Bar: a = 10 mm; b = 10 mm; c = 10 mm; d = 
20 mm; e = 60 mm; f = 65 mm (Adapted from Yücesan et al. 2015)

14 Thidiazuron (TDZ): A Callus Minimizer for In Vitro Plant Production
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resemblance of protocorm is considered to be an extended state of the zygotic 
embryo derived from callus tissue. They observed in callus rhizoids that TDZ 
increased IAA (from 30 to 70 ng/g FW) and ZR (from 8 to 12 ng/g) concentration 
while decreased the level of iPA during the first 5 days of incubation. Their study 
extrapolates the accumulation of endogenous auxin such as IAA and cytokinins like 
zeatin in callus tissue. Therefore, the puzzle on the mechanism of how TDZ has 
been a topic of discussion for a long time will be clearly understood. Moreover, 
TDZ was effective to induce PLB morphogenesis from rhizoid tips, therein the cell 
fate was converted, and indirect shoot formation was established after treating the 
callus with TDZ. The molecular genetic mechanism of this morphogenetic response 
of TDZ was stimulated; thus auxin and cytokinin response were promoted by ele-
vated level of RcARF1, RcARF4, RcRR1, RcPIN2, and RcPIN3 expression, while 
expression of auxin transport protein gene RcPIN1 decreased. As a result, Kou et al. 
2016 claimed that auxin efflux from rhizoid tips and its concentration gradient was 
affected by auxin transport accordingly. Therefore, effects of TDZ disturbing the 
balance of cytokinin and auxin around the explant provide an insight through the 
determination of cell fate. This study is in agreement with earlier studies in which 
how TDZ acted as a substitute for both auxin and CK during plant tissue culture 
(Visser et al. 1992; Casanova et al. 2004) and provides a new insight through TDZ 
incorporated with developmental pathways of embryonic callus tissues. In this 
respect, more researches are needed on how actually TDZ is effective on plant pro-
duction in  vitro and which biochemical and molecular genetic mechanisms are 
involved in developmental physiology.
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Abstract
Thidiazuron (TDZ; N-phenyl-1, 2, 3-thidiazole-5ylurea) is a cytokinin-like com-
pound routinely used for in vitro culture studies including shoot proliferation and 
regeneration in various plants. Recently, there is an increased use of TDZ in 
in vitro propagation of plants including medicinal and horticultural crops. TDZ 
was found to be more effective in micropropagation, multiple shoot induction, 
somatic embryogenesis, callus induction, and shoot organogenesis as compared 
to other cytokinins. In some systems the synergistic effect of TDZ with other 
cytokinin/auxin was found more effective than using alone. The optimum con-
centration of TDZ may vary based on the plant species, explants, and duration of 
exposure. In this review we have described the recent trends in the use of TDZ 
for micropropagation of some medicinal plants. The medicinal plants described 
in this chapter include Picrorhiza kurroa, Aronia melanocarpa, Scutellaria 
ocmulgee, Salvia miltiorrhiza, Aphyllorchis montana, Gentiana decumbens, 
Aconitum balfourii, Pelargonium sidoides, Withania somnifera, Curculigo latifo-
lia, Hedychium coronarium, Mentha arvensis, Clitoria ternatea, Saussurea invo-
lucrata, Jatropha curcas, Medicago sativa, Crocus sativus, Zingiber officinale, 
Cannabis sativa, Arnebia euchroma, and Azadirachta indica.
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15.1  Introduction

Phytohormones are organic compounds synthesized in various regions of plants and 
move to specific sites where they regulate plant growth and development. Auxins, 
gibberellins, ethylene, abscisic acid, and cytokinins are the major phytohormones 
responsible for the various functions in plant body. Among them auxin and cytoki-
nin are unavoidable constituents of medium used in micropropagation of plants. 
IAA (indole-3-acetic acid) is a naturally occurring auxin which is widely used in 
plant tissue culture. In addition to IAA, synthetic auxins like IBA (indole-3-butyric 
acid), NAA (naphthalene acetic acid), and 2, 4-D (2, 4-dichlorophenoxyacetic acid) 
have significant role in morphogenesis of plants in vitro. Kinetin (KN), zeatin (ZT), 
BA (6-benzyladenine), or BAP (6-benzylaminopurine) are major cytokinins. 
Thidiazuron (TDZ; N-phenyl-1, 2, 3-thidiazole-5ylurea) is a cytokinin-like com-
pound used for shoot proliferation and regeneration of plants. A study on the cyto-
kinin metabolism in Phaseolus species using TDZ confirmed the cytokinin-like 
activity of TDZ (Mok et al. 1982). According to Mok et al. (1982), TDZ is an active 
cytokinin similar to highly active N-phenyl-N-4 pyridyl urea derivatives. It was 
synthesized by German Schering Corporation and was used initially as cotton defo-
liant (Murthy et al. 1998). Structurally TDZ is different from either auxin or cytoki-
nin. It consists of two functional groups, phenyl and thidiazole groups, and the 
replacement of these groups results in the reduction of its activity (Fig. 15.1; Murthy 
et al. 1998). Many plants responded positively to TDZ, and the crucial role of TDZ 
in multiple shoot induction, callus organogenesis, shoot elongation, etc. had been 
well documented (Fig. 15.2a, b; Thomas 2003; Thomas and Puthur 2004; Thomas 
and Philip 2005; Cheruvathur et al. 2013; Cheruvathur and Thomas 2014). Usually 
low concentrations of TDZ induce shoot proliferation than many other cytokinins, 
while the higher level may inhibit shoot elongation (Huetteman and Preece 1993). 
The optimum concentration of TDZ may vary based on the plant species, explants, 
and duration of exposure. TDZ at 0.11 mg/l was found effective in shoot induction 
in Withania somnifera while 2.0 mg/l in Jatropha curcas (Fatima et al. 2015; Kumar 
and Reddy 2012). The TDZ-treated explants with shoot buds subcultured on plant 
growth regulator (PGR)-free medium resulted in highest rate of shoot proliferation 
(Siddique and Anis 2006). A combination of TDZ with other phytohormones could 
be more effective than used alone (Guo et al. 2011). The combination of TDZ with 
NAA was superior over the combination of TDZ with IAA and TDZ with adenine 
in promoting shoot regeneration in cabbage (Gambhir and Srivastava 2015). TDZ 

Fig. 15.1 Chemical 
structure of thidiazuron 
(TDZ, N-phenyl-1, 2, 
3-thidiazole-5ylurea)
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can significantly influence the metabolism of other PGRs. It can increase auxin 
accumulation and translocation (Casanova et  al. 2004), cytokinin content (Kodja 
et al. 2015), and ABA concentration (Murch and Saxena 1997). TDZ-induced ACO 
(1-aminocyclopropane-1-carboxylate oxidase) production in Medicago sativa 
resulted in a production of ethylene (Feng et  al. 2012). Recently, TDZ has been 
effectively used to induce various morphogenic responses in numerous plant sys-
tems including medicinal plants (Table 15.1). The present review is an attempt to 
analyze the effect of TDZ on micropropagation of various selected medicinal plants.

15.1.1  Picrorhiza kurroa

Picrorhiza kurroa (common name, kutki) is an endangered herbaceous medicinal 
plant belonging to the family Scrophulariaceae. It is a native of Western Himalaya, 

Fig. 15.2 TDZ-induced 
morphogenesis. (a) TDZ 
(1.5 mg/l)-induced callus 
organogenesis in Bacopa 
monnieri (unpublished 
work of Linta and Thomas) 
(b) Multiple shoot 
induction in Elephantopus 
scaber from nodal 
segments on MS medium 
supplemented with 
2.0 mg/l TDZ (Abraham 
and Thomas, unpublished 
work)
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Table 15.1 Some recent reports on TDZ-induced morphogenesis in various medicinal plants

Name of the 
plant Explanta

Type of medium and plant 
growth regulators Responsea References

Picrorhiza 
kurroa

N Pretreatment in TDZ 
(0.11 mg/l)

MSh, RT Patial et al. 
(2016)

Aronia 
melanocarpa

N MS + TDZ (0.5 mg/l), MS 
with TDZ (0.5 mg/l) + NAA 
(0.1 mg/l)

MSh Sivanesan et al. 
(2016)

Scutellaria 
ocmulgee

Leaf and 
shoot TCL

MS + maltose + MSh Vaidya et al. 
(2016)TDZ (5.5 mg/l) +

IAA (0.22 mg/l)
Salvia 
miltiorrhiza

L MS + TDZ (0.5 mg/l) MSh Tsai et al. 
(2015)

Salvia 
miltiorrhiza

L MS + TDZ (0.1 mg/l) + C Tsai et al. 
(2015)2, 4-D (5.0 mg/l)

Aphyllorchis 
montana

SD BM-TM + MSh Mahendran and 
Bai (2015)TDZ (1.5 mg/l) + NAA 

(0.24 mg/l)
Gentiana 
decumbens

PT MS salts (without NH4NO3) + C Tomiczak et al. 
(2015)Vitamins +

Glucose (30 g/l) + glutamine 
(3.0 g/l) + NAA (2 mg/l) + 
TDZ (0.1 mg/l)

Aconitum 
balfourii

L, P MS + TDZ (0.5 mg/l) + NAA 
(1.0 mg/l)

C Gondval et al. 
(2016)

Pelargonium 
sidoides

L MS + TDZ (0.22–1.1 mg/l) + 
picloram (0.484 mg/l)

C Kumar et al. 
(2015)

Withania 
somnifera

N MS + TDZ (0.11 mg/l) MSh Fatima et al. 
(2015)

Curculigo 
latifolia

ST MS + TDZ (0.5 mg/l) + IBA 
(0.25 mg/l)

MSh Babaei et al. 
(2014)

Curculigo 
latifolia

ST MS + TDZ (2.0 mg/l) + IBA 
(0–0.5 mg/l)

Scalp Babaei et al. 
(2014)

Hedychium 
coronarium

RB MS + TDZ (1.0 mg/l) MSh Verma et al. 
(2014)

Mentha 
arvensis

N MS + TDZ (3.3 mg/l) MSh Faisal et al. 
(2014)

Clitoria 
ternatea

CN MS + TDZ (0.022 mg/l) MSh Mukhtar et al. 
(2012)

Clitoria 
ternatea

N MS + TDZ (0.22 mg/l) MSh Mukhtar et al. 
(2012)

Saussurea 
involucrata

L MS + TDZ (0.011 mg/l) MSh Guo et al. 
(2012)

Jatropha 
curcas

CP MS + TDZ (0.5 mg/l) MSh Kumar and 
Reddy (2012)

Medicago 
sativa

P MS + TDZ (0.2 mg/l) + CoCl2 
(6.5 mg/l)

SE Feng et al. 
(2012)

(continued)
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whose rhizome and roots are enriched with several glycosides like kutkoside, picro-
side I, and picroside II (Ansari et al. 1988), which are responsible for its medicinal 
properties such as anti-inflammatory (Turaskar et al. 2013), hepatoprotective (Sinha 
et al. 2011), and anti-asthmatic (Sehgal et al. 2013) activities.

An efficient in  vitro plant regeneration protocol for P. kurroa using TDZ has 
been standardized by Patial et al. (2016). The effect of TDZ on proliferation and 
survival of the plant has been tested. Nodal explants (2.0–2.5 cm) were collected 
from in  vitro-cultured P. kurroa and pretreated with 0.055–0.22  mg/l TDZ for 
7–30 days. Then they were transferred to MS medium supplemented with either 
0.473 mg/l KN, 0.26 mg/l BAP, or without PGRs. Rate of shoot multiplication was 
influenced by both concentration and duration of TDZ treatment. Within 4 or 5 days, 
the base of the node began to swell irrespective of the TDZ concentration. After 
15 days, shoot initiation was noticed in 0.25 and 0.11 mg/l TDZ. But increasing the 
duration to 30 days had deleterious effect on the growth and elongation of shoot, 
resulting in the formation of a rosette-like shape.

Rooting hormones like IAA and NAA are usually used for root induction. But 
here, 15 days pretreatment with 0.11  mg/l TDZ followed by culturing on MS 
medium devoid of PGRs resulted in highest number of roots (13.00) when com-
pared to MS medium supplemented with IAA or NAA.

15.1.2  Aronia melanocarpa

A. melanocarpa (common name, chokeberry) belongs to the family Rosaceae. A. 
melanocarpa contains phenolic compounds which is responsible for its antioxidant 
activity (Oszmiański and Wojdylo 2005). It has other health-promoting properties 
such as antimutagenic, anticancer, cardioprotective, hepatoprotective, 

Table 15.1 (continued)

Name of the 
plant Explanta

Type of medium and plant 
growth regulators Responsea References

Crocus sativus CR MS + TDZ (0.99 mg/l) C Sharifi et al. 
(2010)

Zingiber 
officinale

AS MS + TDZ (1.0 mg/l) + IBA 
(1.0 mg/l)

MSh, R Lincy and 
Sasikumar 
(2010)

Cannabis 
sativa

N MS + TDZ (0.11 mg/l) MSh Lata et al. 
(2009)

Arnebia 
euchroma

Ct and HC MS + TDZ (1.0 mg/l) MSh Jiang et al. 
(2005)

Azadirachta 
indica

R, L, N MS + TDZ (0.5–0.99 mg/l) + 
2, 4-D (0.11 mg/l)

SE Akula et al. 
(2003)

aAS aerial stem, BM-TM terrestrial orchid medium, C callus, CN cotyledonary node, CP cotyledon-
ary petiole, CR corm, Ct cotyledon, HC hypocotyl, L leaf, P petiole, MR multiple root, MSh mul-
tiple shoot, N node, PT protoplast, RB rhizome bud, R root, SD seed, SE somatic embryo, ST shoot 
tip, TCL thin cell layer
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gastroprotective, antidiabetic, anti-inflammatory, and antiviral (Sivanesan et  al. 
2016; Kokotkiewicz et al. 2010; Do and Hwang 2014).

Sivanesan et al. (2016) demonstrated the effect of TDZ on shoot multiplication 
of A. melanocarpa from the nodal explants. The explants failed to produce shoot on 
MS medium without PGRs, while the MS medium fortified with TDZ alone or in 
combination with TDZ- and NAA-induced shoot formation. The shoot formation 
was concentration dependent. The lower concentrations of TDZ (0.25–0.5  mg/l) 
promoted shoot induction, whereas higher concentrations (1.0–2.0 mg/l) reduced 
the mean shoot length and number of shoots per explant (Sivanesan et al. 2016). The 
optimum concentration of TDZ for A. melanocarpa was 0.5 mg/l. In this concentra-
tion 82.2% shoot multiplication was observed with a mean number 10.4 shoots per 
explant (Sivanesan et al. 2016). Higher concentration such as 2.0 mg/l TDZ resulted 
in hyperhydric shoots.

The combination of TDZ and NAA was most effective than TDZ alone in shoot 
formation from nodal explants of A. melanocarpa. On this combination, the highest 
percentage of shoot multiplication was 98.9%, and mean number of shoots per 
explant was 19.8, and mean shoot length was 3.8 cm. Highest result was observed 
when the MS medium is fortified with 0.5 mg/l TDZ and 0.1 mg/l NAA. Higher 
concentration of TDZ, i.e., 2.0 mg/l and 0.1 mg/l NAA, caused hyperhydric shoots 
(Sivanesan et  al. 2016). Subculture medium without TDZ was good for further 
shoot formation and maintenance of morphogenetic potential of nodal explants 
(Sivanesan et al. 2016).

15.1.3  Scutellaria ocmulgee

Scutellaria ocmulgee (common name, skullcap) is a herbaceous plant, belonging to 
the family Lamiaceae. It is a rare and threatened medicinal plant with ornamental 
values, which requires immediate conservation. S. ocmulgee crude extract and its 
constituent flavonoids are reported to have antitumor properties (Patel et al. 2013).

An efficient protocol for shoot regeneration of S. ocmulgee from leaf and shoot 
thin cell layer (TCL) explants was developed for the first time by Vaidya et  al. 
(2016). Among the various media and PGR combinations tried, maximum number 
of shoot was observed from leaf transverse TCL explants grown on MS medium 
supplemented with 5.5 mg/l TDZ, 0.175 mg/l IAA, and maltose. Among the PGRs 
used, media with higher concentration of TDZ gave best results, though concentra-
tion of TDZ (5.5 mg/l) was significantly lower compared to other studies (Vaidya 
et al. 2016).

15.1.4  Salvia miltiorrhiza

Salvia miltiorrhiza (common name, Chinese sage) is a perennial herbaceous plant 
belonging to the family Lamiaceae. It is a native of China and Japan and hence used 
in their traditional medicine to treat cardiovascular diseases (Wang et  al. 2013). 
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Chemical constituents isolated from dried roots of this plant include cryptotanshi-
none, dihydrotanshinone, tanshinone I, tanshinone IIA, and salvianolic acid B (Pan 
et al. 2001; Ai and Li 1988).

Tsai et  al. (2016) established an efficient protocol for mass propagation of S. 
miltiorrhiza using TDZ from leaf explants via direct organogenesis and indirect 
organogenesis. Initial explants were 2  cm2 leaf segments collected from in vitro 
raised plants. Explants were incubated on MS medium supplemented with various 
combinations of TDZ (0.1–1.0 mg/l) and 2, 4-D (1.0–10.0 mg/l). Direct rhizogen-
esis was obtained from explants cultured on basal medium with an average numbers 
of 39.00 roots per explant. Direct shoot formation was observed on MS medium 
supplemented with 0.1, 0.5, and 1.0 mg/l TDZ. Among these various concentra-
tions, the highest number of shoots was obtained with 0.5 mg/l of TDZ.

When the leaf explants of S. miltiorrhiza were cultured on MS medium supple-
mented with TDZ and 2, 4-D, all the explants developed calli. Maximum callus 
proliferation was observed on 5.0 mg/l 2, 4-D and 0.1 mg/l TDZ. Multiplication and 
maintenance of the calli were best done with the combinations of 0.1 mg/l TDZ plus 
5.0 mg/l 2, 4-D; 0.1 mg/l TDZ plus 10.0 mg/l 2, 4-D; and 5.0 mg/l 2, 4-D alone. 
Since there was no morphogenesis during subculturing, Tsai et al. (2016) were able 
to maintain 16 callus lines. On subculturing the calli on PGR-free MS medium, a 
few of them developed shoots, and all of them developed roots. Highest number of 
shoots was formed on 1.0 mg/l 2, 4-D plus 0.5 mg/l TDZ. When the calli were trans-
ferred to MS medium containing varying concentrations of TDZ, maximum number 
of shoots were obtained with 1.0 mg/l TDZ.

15.1.5  Aphyllorchis montana

Aphyllorchis montana is a saprophytic achlorophyllous orchid. It is a terrestrial 
mycoheterotrophic orchid species that is categorized under the data deficient cate-
gory of orchids in India (McKendrick et al. 2002). As it is a rare medicinal orchid in 
the Western Ghats, it seeks immediate attention and conservation (Sinu et al. 2012). 
Plant extract of A. montana has been employed to cure cold, cough, and anemia and 
also to strengthen the vitality (Prajapati et  al. 2003). Traditional healers used A. 
montana to cure diabetes mellitus. Hypoglycemic activity of ethanolic extracts of A. 
montana was proven by Pentela et al. (2012). It is the main ingredient of “chyawa-
nprash” – an ayurvedic tonic (Sreenu et al. 2013).

The germination of A. montana seed requires the help of specific fungi and has 
poor seed viability, resulting in low germination rate (Warcup 1973). A protocol for 
plant regeneration from asymbiotic seed germination was standardized by 
Mahendran and Bai (2015). Immature capsules of A. montana were collected and 
sterilized. The seeds were inoculated in several different growth media, all with 2% 
sucrose and 0.8% agar. Among the various media tried, BM-I terrestrial orchid 
medium (BM-TM; Van Waes and Debergh 1986) was found to be the best for seed 
germination (79% cultures respond). For the multiplication of protocorms, BM-TM 
medium was supplemented with various cytokinins at different concentrations, 
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alone or in combination with NAA (0.24 mg/l). The seed-derived protocorms pro-
duced multiple seedlings in the presence of cytokinins. TDZ was most effective 
among all the cytokinins tested. The number of seedlings derived from protocorms 
was maximum on a combination of 1.5 mg/l TDZ and 0.24 mg/l NAA.

15.1.6  Gentiana decumbens

Gentiana decumbens is a herbaceous medicinal plant belonging to the family 
Gentianaceae. Pharmacological studies have revealed its antioxidant activity 
(Myagmar and Aniya 2000). It produces steroid glucosides and flavonoids 
(Dungerdorj et  al. 2006). It is used in traditional medicine to cure liver diseases 
(Kletter et al. 2008) and stomach disorders (Qureshi et al. 2007).

Tomiczak et al. (2015) reported plant regeneration from protoplasts of differenti-
ated green leaf mesophyll cells of G. decumbens. Protoplast was isolated from 
young leaves of in vitro-cultured G. decumbens. Purified protoplasts were cultured 
in PCM (protoplast culture medium; Tomiczak et al. 2015) with 0.5% mannitol and 
0.8% agarose. Of the two cytokinins (i.e., BAP and TDZ) tested with PCM, TDZ- 
induced optimum cell division (plating efficiency) than BAP. The microcalli formed 
from protoplast culture were transferred to callus proliferation medium (CPM) and 
incubated in the dark. Increased callus multiplication was obtained on CPM with 
2.0 mg/l NAA and 0.2 mg/l TDZ.

15.1.7  Aconitum balfourii

Aconitum balfourii (common name, mitha) is a perennial herb, endemic to 
Himalayan Alpine. It is a highly valuable, rare, and threatened medicinal plant, 
belonging to Ranunculaceae family. Its tuberous roots are rich source of alkaloids 
like aconite, pseudoaconitine, balfourine, and bikhaconite (Sharma and Gaur 2012). 
Analgesic, anti-inflammatory, antirheumatic, and vermifuge drugs are produced 
from the root of this plant (Sharma and Gaur 2012).

An efficient protocol for in vitro plantlet regeneration of A. balfourii via callus- 
mediated organogenesis using TDZ has been established by Gondval et al. (2016). 
Leaf and petiole segments were used as explants. Surface-sterilized explants were 
cultured on MS medium containing different combinations of TDZ (0.5–2.0 mg/l) 
and NAA (1.0–4.0 mg/l). For both petiole and leaf, callus induction was best on MS 
medium supplemented with 0.5 mg/l TDZ and 1.0 mg/l NAA. While lower concen-
tration or the absence of TDZ exhibited reduced callus induction, increased concen-
tration of TDZ caused the formation of brown-colored callus with reduced growth. 
The calli were subcultured on MS medium supplemented with varying concentra-
tions of TDZ (0.5–2.0 mg/l). Maximum shoots were obtained on MS medium sup-
plied with 0.5 and 1.5 mg/l TDZ for leaf and petiole, respectively. No shoot induction 
was observed, both in the absence and higher concentration of TDZ (Gondval et al. 
2016).
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15.1.8  Pelargonium sidoides

Pelargonium sidoides is a herbaceous medicinal plant of the family Geraniaceae 
and is extensively used as traditional herbal medicine in many countries. It is effec-
tive in treatment of tuberculosis, dysentery, diarrhea, cough, fever, and bronchitis 
(Kumar et al. 2015). It consists of various phytochemicals such as oxygenated cou-
marins, gallic acid, flavonoids, and hydroxycinnamic acid derivatives which are 
responsible for its phytochemical activities (Kumar et al. 2015; Colling et al. 2010).

Kumar et al. (2015) studied the effect of various concentrations of TDZ in combi-
nation with picloram on callus induction and evaluated the phenolic composition in 
P. sidoides. Callus induction in P. sidoides was high on MS medium supplemented 
with a combination of TDZ and picloram than control. Hundred percent callus for-
mation was obtained in 0.22 mg/l TDZ + 0.484 mg/l picloram, 0.55 mg/l TDZ + 
0.484 mg/l picloram, and 1.1 mg/l TDZ + 0.484 mg/l picloram (Kumar et al. 2015).

P. sidoides contains hydroxycinnamic acid and hydroxybenzoic acid. Picloram- 
TDZ combination had a significant role in the concentration of hydroxybenzoic 
derivatives such as P-hydroxybenzoic acid, protocatechuic acid, vanillic acid, and 
salicylic acid. Highest concentration of this hydroxybenzoic acid was obtained in 
0.484 mg/l picloram and 0.55 mg/l TDZ. There was also influence in hydroxycin-
namic derivatives by TDZ and picloram. Picloram (0.484 mg/l) and TDZ (0.55 mg/l, 
1.1  mg/l) promoted the production of highest concentration caffeic acid, ferulic 
acid, and coumaric acid. However, catechin was absent in picloram-TDZ-treated 
plants (Kumar et al. 2015).

15.1.9  Withania somnifera

Withania somnifera is a multipurpose medicinal agent belonging to the family 
Solanaceae. The significant phytochemicals in W. somnifera include alkaloids, som-
niferin, steroidal lactones, and saponins. It can be used to improve blood circulation 
since it is rich in iron (Umadevi 2012).

MS basal medium devoid of TDZ was not effective to induce morphogenic 
response and shoot induction from nodal segments of W. somnifera (Fatima et al. 
2015). Of the various concentrations of TDZ employed along with MS medium, 
0.11 mg/l TDZ was most effective and induced highest number of shoots (20 ± 0.40) 
with an average shoot length of 4.04 ± 0.24 cm after 4 weeks (Fatima et al. 2015). 
Period of exposure to TDZ was also an important factor in shoot induction. From 
this study, it is clear that continuous exposure and higher concentration of TDZ 
resulted in loss of regenerative potential and stunted shoots (Fatima et al. 2015).

15.1.10  Curculigo latifolia

Curculigo latifolia (common name, lembah) is a monocotyledonous perennial herb. 
It is a native of Malaysia, belonging to the family Hypoxidaceae. Yamashita et al. 
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(1990) discovered and isolated curculin from C. latifolia. Curculin is a sweet pro-
tein that has both sweet taste and taste-modifying activity. It can change sour taste 
into sweet taste (Barre et al. 1997). Neoculin is another sweet protein isolated from 
C. latifolia (Koizumi et al. 2007). C. latifolia is also a valuable medicinal plant with 
anticancerous (Ismail et al. 2010) and antidiabetic (Kant 2005) activities. Fadlalla 
et al. (2007) reported that C. latifolia has inhibitory effects on hepatitis B virus.

A micropropagation protocol for C. latifolia via shoot regeneration from shoot 
tip explants using TDZ and IBA has been standardized by Babaei et  al. (2014). 
Shoot tips were surface sterilized and cultured on MS medium containing various 
concentrations of TDZ (0.5–2.0 mg/l) and IBA (0.25–0.5 mg/l). While in control 
(MS without PGR), meristem elongation with a single plantlet occurred; the pres-
ence of TDZ prevented the apical dormancy and promoted the formation of several 
axillary and adventitious shoots. Regenerated shoots were developed within 
14 weeks of culture. Though varying combination of TDZ- and IBA-induced shoots 
from shoot tip explants, highest number of shoots (83.3%) and increased shoot 
length were observed on MS medium containing 0.5 mg/l TDZ and 0.25 mg/l IBA 
(i.e., lower PGR concentrations). From this it is evident that lower concentrations of 
TDZ induced shooting.

In a study carried out by Babaei et al. (2014), shoot tip explants were incubated 
in basal medium supplemented with different concentrations of TDZ (0.5–2.0 mg/l) 
and IBA (0.25–0.5 mg/l). Scalp (proliferating meristem cultures) induction at the 
base of the shoot tip explant was found more prominent in high TDZ concentration 
(2.0 mg/l). IBA had no significant role in inducing scalp, but the synergistic effect 
of TDZ and IBA had significant role in increasing the size of the scalp. The scalps 
that were initially white in color turned yellowish once segregated from the explant.

15.1.11  Hedychium coronarium

Hedychium coronarium (common name, white ginger lily) is a herbaceous peren-
nial flowering plant of the family Zingiberaceae. Though it is grown as an ornamen-
tal plant, it is also an important aromatic medicinal plant. This is an endangered 
plant that has been red listed (Singh and Singh 2009). It has an underground fleshy 
rhizome that has several nodes and buds. The rhizome, flower, leaf, and stem pro-
duce important alkaloids. H. coronarium has antidiabetic, anti-arthritic, and anti-
cancerous activities (Jain et al. 2003a, b). Previous studies have shown the presence 
of diterpenes – coronarin A, B, C, and D and isocoronarin D, E, and F in H. coro-
narium (Kunnumakkara et al. 2008).

Micropropagation of H. coronarium from rhizome bud explants using TDZ has 
been standardized by Verma and Bansal (2014). Rhizomes were surface sterilized 
and cut into small pieces each with a single bud. For shoot bud induction, the 
explants’ outer sheaths were removed and placed on MS medium supplemented 
with various concentrations (0.1–5.0 mg/l) of TDZ, BAP, and KN. Highest number 
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of multiple shoots (14.21  ±  0.09) were obtained on 1.0  mg/l TDZ-containing 
medium. Explants with multiple shoots were transferred to fresh MS medium with 
different concentrations of TDZ (0.1–5.0 mg/l), BAP (0.1–5.0 mg/l), and KN (0.1–
5.0 mg/l). Maximum shoot elongation (12.89 ± 0.07 cm) was obtained with 1.0 mg/l 
BAP. Normal rooting was obtained in shoots regenerated from medium containing 
TDZ, when transferred to rooting medium.

15.1.12  Mentha arvensis

Mentha arvensis is a herbaceous perennial plant commonly known as “wild mint” 
having active principle menthol responsible for dental care. M. arvensis showed 
antimicrobial activity against Proteus mirabilis, Candida albicans, Escherichia 
coli, and Staphylococcus aureus (Mickienė et al. 2011). Dar et al. (2014) demon-
strated antioxidant activity of methanolic extract of M. arvensis by using iron che-
lating, radical scavenging, reducing power, nitrous oxide scavenging, and H2O2 
scavenging methods.

Shoot regeneration capacity of M. arvensis from nodal explants in the presence 
of TDZ has been demonstrated by Faisal et  al. (2014). MS medium without the 
pretreatment with TDZ failed to produce shoots, while the nodal explants pretreated 
with TDZ in liquid MS medium followed by transfer on PGR-free MS medium 
showed shoot induction and multiplication. Of the various pretreatment experi-
ments, the explants pretreated with 3.3 mg/l TDZ were the best. Here, the percent 
shoot formation was 92.6, number of shoots per explants was 23.7, and average 
length was 5.2 cm (Faisal et al. 2014).

15.1.13  Clitoria ternatea

Clitoria ternatea (common name, Asian pigeonwing) is a rare perennial herbaceous 
plant belonging to the family Fabaceae (Panday et al. 1993). Chemical studies have 
revealed the presence of various terpenoids, flavanol glycosides, anthocyanins, ste-
roids, and a peptide called clitoides (Mukherjee et al. 2008). In traditional medicine, 
the plant is used to treat neurological disorders (Jain et al. 2003a, b), stress, and 
depression and for enhanced memory (Mukherjee et al. 2008). It is also used to cure 
skin diseases, eye infection, ulcers, and urinary infection (Jain et al. 2003a, b).

Mukhtar et al. (2012) carried out an in vitro performance comparison of cotyle-
donary node explants and nodal explants of C. ternatea at various concentrations of 
TDZ. Both explants were cultured on MS medium supplemented with various con-
centrations of TDZ (0.011–0.55 mg/l). Maximum shoot regeneration in cotyledon-
ary node explants was obtained at 0.022 mg/l TDZ, while nodal explants gave the 
best result with 0.22 mg/l TDZ. Subculturing for 4 weeks in basal MS medium gave 
root induction in shoots originated from both explants.
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15.1.14  Saussurea involucrata

Saussurea involucrata (common name, snow lotus) is an endangered Chinese 
medicinal plant (Guo et  al. 2007) that belongs to Asteraceae family. In Chinese 
traditional medicine, S. involucrata is used for the treatment of cough, cold, rheu-
matoid arthritis, dysmenorrhea, and stomachache and to promote blood circulation 
(Chik et al. 2015). Studies have demonstrated its anti-inflammatory, analgesic, car-
diotonic, anticancerous, abortifacient, and anti-fatigue activities (Jia et al. 2005).

Guo et al. (2012) developed an efficient protocol for in vitro micropropagation of 
S. involucrata. Leaf explants were cultured on MS medium supplemented with dif-
ferent concentrations of TDZ (0.022–4.4 mg/l). Among which, MS medium with 
0.11 mg/l TDZ gave maximum number of shoots (15.6 ± 1.4 shoots/explant) within 
28 days of culture. In another study, Guo et al. (2016) found that the TDZ-induced 
shoot morphogenesis is a complex process that involves increased levels of GA3 and 
ZT and also the accumulation of H2O2 in explants.

15.1.15  Jatropha curcas

Jatropha curcas is an important medicinal plant belonging to the Euphorbiaceae 
family. The leaves, stem, bark, latex, seeds, and roots of J. curcas are used to cure 
various diseases such as malaria, dysentery, wound, eczema, and skin diseases 
(Prasad et al. 2012). This plant has been used in the treatment for fever, rheumatism, 
diarrhea, asthma, and piles (Upadhyay et al. 2007). It also has insecticidal, antitu-
mor, and anticancerous activities (Agbogidi et al. 2013).

Kumar and Reddy (2012) developed an efficient method for the in vitro regen-
eration of plants by direct shoot induction from cotyledonary petiole of J. curcas. 
The highest number of shoot buds (13.76 per explants) and percentage of shoot bud 
formation (66.97%) were observed in a medium containing 2.0 mg/l TDZ. However, 
this concentration leads to the inhibition of further shoot proliferation and elonga-
tion due to compact shoot induction (Kumar and Reddy 2012). Optimum concentra-
tion of TDZ for shoot bud induction (percentage of shoot induction 51.19% and 
number of shoot buds 9.75) was 0.5 mg/l (Kumar and Reddy 2012). Prolonged TDZ 
treatment is hazardous to this plant. The extended TDZ treatment caused necrosis of 
callus from the 6th day onward, and the treatment for a duration of 11 days resulted 
in the death of callus (Aishwariya et  al. 2015). The explant orientation on the 
medium also plays a crucial role in shoot induction. Percent shoot bud formation 
ranged from 5.88 to 66.97% in the horizontal position and 5.17–62.97% for vertical 
position of explants, while the shoot bud number per explant varied from 2.21 to 
13.76 for horizontal position and 2.01–13.01 for vertical position of explants in the 
presence of TDZ with concentration ranged from 0.048 to 2.156 mg/l. Higher per-
centage of shoot bud induction and higher number of shoot buds were observed in 
horizontal position (Kumar and Reddy 2012). Therefore, besides TDZ the orienta-
tion of explants on medium is also an important factor for shoot induction. Other 
significant factors which determine the response are source of explants and 
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genotypes. In vitro explants produced higher percentage of shoot induction and 
higher number of shoots than in vivo explants. The genotype CSMCRI-JC-3 per-
formed well at various concentrations of TDZ than other genotypes (Kumar and 
Reddy 2012).

15.1.16  Medicago sativa

Medicago sativa is a perennial herb belonging to Fabaceae family. It is one of the 
most popular medicinal plants which is widely used to cure kidney pain and cough, 
to improve memory, and as antidiabetic, anti-inflammatory, and antimicrobial tradi-
tionally (Doss et al. 2011). The major phytochemicals present in this plant include 
alkaloids, phytoestrogens, coumarins, saponins, phytosterols, and triterpenes (Doss 
et al. 2011).

The effect of TDZ alone and in combination with CoCl2 (cobalt (II) chloride) on 
the embryogenic competency of M. sativa has been studied by Feng et al. (2012). 
They cloned full-length ACO (1-aminocyclopropane-1-carboxylate oxidase) cDNA 
from the Medicago callus and analyzed the gene expression during somatic embryo-
genesis under treatment with TDZ alone or in combination with CoCl2. ACO is an 
important enzyme in the biosynthesis of ethylene, and CoCl2 is its inhibitor. TDZ 
promoted the ACO gene expression, while TDZ in combination with CoCl2 reduced 
ACO expression (Feng et al. 2012). According to Feng et al. (2012), ethylene medi-
ated by ACO could enhance the inhibitory effect of TDZ on the embryogenic com-
petence of Medicago callus. Therefore, inhibitory effect of TDZ on embryogenic 
competence has been mediated by ACO (Feng et al. 2012).

15.1.17  Crocus sativus

Crocus sativus (saffron) is a herbaceous medicinal plant with purple-colored flow-
ers, and this plant is normally propagated via corms. The stigma is the medicinally 
important and most valuable part of this plant. Chemical studies of C. sativus 
revealed the presence of carotenoids like crocetin and its glycosidic forms like glu-
coside, digentiobioside (crocin), gentiobioside, and diglucoside (Bhargava 2011). 
Among these, crocetin is mostly responsible for its pharmacological activity 
(Fernandez and Pandalai 2004). The antibacterial, antifungal, antiseptic, aphrodi-
siac, antispasmodic, and expectorant properties of stigmas of C. sativus had been 
well documented (Bhargava 2011).

An efficient micropropagation protocol for C. sativus from corm explants was 
standardized by Sharifi et al. (2010). Meristematic region of healthy corms were 
used as explants. A comparison was made between the effects of BA and TDZ. The 
explants were first inoculated on MS or B5 medium supplemented with either TDZ 
(0.25, 1.0, or 2.0 mg/l) or BA (0.5, 2.0, or 4.0 mg/l) at different concentrations. 
Maximum (100%) callus induction was obtained on MS medium supplemented 
with 1.0 mg/l TDZ and minimum by 2.0 mg/l BA. When the callus was transferred 
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to TDZ-containing media, shoot buds were formed with an intermediate globular 
embryo-like callus structure. This study shows that using TDZ alone at a concentra-
tion below 2.2 mg/l induces shoots directly from callus, instead of forming somatic 
embryos (Sharifi et al. 2010).

15.1.18  Zingiber officinale

Zingiber officinale commonly known as “ginger” is a tropical, herbaceous medicinal 
plant belonging to the family Zingiberaceae. The fleshy rhizome is used as spice to 
flavor food. Ginger is widely used in traditional medicine for the treatment of sore 
throats, crams, constipation, indigestion, vomiting, fever, arthritis, rheumatism, and 
helminthiasis (Ali et  al. 2008). Pharmacological studies revealed the antioxidant, 
anti-inflammatory (Ali et  al. 2008), antidiabetic, hypolipidemic (Al-Amin et  al. 
2006), analgesic, and hypoglycemic (Ojewole 2006) activities of Z. officinale.

Lincy and Sasikumar (2010) standardized an efficient protocol for direct regen-
eration of plantlets from aerial stems of Z. officinale using TDZ. Two varieties of Z. 
officinale, namely, Jamaica and Varada, were used for the study. Surface-sterilized 
aerial stem explants were trimmed to 1.0–1.5  cm pieces and transferred to half- 
strength MS medium containing TDZ alone and in combination with IBA, BAP, and 
GA3 at varying concentrations. Among different combinations, maximum shoots 
and roots were obtained on MS medium supplemented with 1.0  mg/l TDZ and 
1.0 mg/l IBA, except for Jamaica, which gave highest number of roots with 1.0 mg/l 
TDZ and 0.5 mg/l IBA. While Jamaica gave an average number of 11.1 shoots per 
explants, Varada produced 14.6 shoots per explants. TDZ alone resulted in poor root 
and shoot regeneration (Lincy and Sasikumar 2010).

15.1.19  Cannabis sativa

Cannabis sativa is an annual herb included in Cannabinaceae family originated in 
Central Asia. The major phytochemical in C. sativa is cannabinoids which are 
responsible for the pharmacological effects. Therefore, Cannabis is widely used as 
medicinal plant and is administrated to patients suffering from rheumatism and epi-
lepsy (Ali et al. 2012). C. sativa has been utilized as hallucinogenic, hypnotic, and 
anti-inflammatory agent in traditional medicine also (Ali et al. 2012).

Thidiazuron is the most effective cytokinin-derived hormone as compared to 
other cytokinins such as BA and KN for shoot proliferation of C. sativa (Lata et al. 
2009). TDZ also showed higher efficacy than ZT in shoot proliferation of C. sativa 
from cotyledons (Chaohua et al. 2016). In 0.11 mg/l TDZ, 100% cultures responded 
with the highest number of shoots (average 13 shoots) per culture (Lata et al. 2009). 
Even though shoot proliferation was successful, the rooting efficiency was poor in 
other PGRs. However, Lata et al. (2009) obtained better rooting in TDZ-containing 
media as compared to BA. In another study 51.7% induction frequency and three 
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shoots per explants were obtained in optimum concentration 0.4  mg/l TDZ and 
0.2 mg/l NAA (Chaohua et al. 2016).

15.1.20  Arnebia euchroma

Arnebia euchroma is a critically endangered medicinal plant commonly seen in 
Himalayan region. This plant has been included in the family Boraginaceae. It 
showed various phytochemical activities such as antimicrobial, anti-inflammatory, 
antibacterial, antifungal, and wound healing properties (Ashkani-Esfahani et  al. 
2012; Manjkhola et al. 2005).

To study the effect of TDZ on embryo growth into seedlings of A. euchroma, 
Jiang et al. (2005) excised the embryos and inoculated on medium containing vari-
ous concentrations of TDZ (0.1–4.0 mg/l). In this system, although TDZ promoted 
growth and proliferation, the seedlings showed certain abnormalities. The abnormal 
leaves with lengthened hypocotyls, enlarged cotyledons, and inhibited root growth 
were the immediate effects of TDZ in the medium (Jiang et al. 2005).

Cotyledon and hypocotyl explants were used for shoot induction. Among the 
different concentrations of TDZ (0.1–4.0 mg/l), the optimum concentration for the 
formation of shoots was 1.0 mg/l regardless of explants. As the concentration of 
TDZ increased above 1.0 mg/l, the number of regenerated shoots decreased. The 
medium without TDZ did not give good result which indicates that the TDZ has 
significant role in shoot formation in explants of A. euchroma. Comparatively, coty-
ledonary tissue gave better regeneration capacity than hypocotyl explants (Jiang 
et al. 2005). The optimum duration for pretreatment with TDZ was 12 days which 
gave approximately 6.6 shoots per explant. However, the longer exposure was not 
effective (Jiang et al. 2005). Therefore, the duration of pretreatment should be con-
sidered during experiment.

15.1.21  Azadirachta indica

In traditional medicine Azadirachta indica has significant place and is considered as 
sacred gift of nature. This plant belongs to the family Meliaceae. A. indica shows 
antibacterial, antiviral, anti-inflammatory, antioxidant, anticarcinogenic activities, 
and it is also effective in the treatment of sexually transmitted diseases, skin dis-
eases, digestive disorders, and parasitic diseases (Kumar and Navaratnam 2013).

TDZ has significant role in inducing somatic embryogenesis in A. indica. Akula 
et al. (2003) demonstrated somatic embryogenesis in neem by using three vegeta-
tive tissues such as root, node, and leaf as explants collected from four selected 
clones. In their study PGR-free MS medium was suitable for induction of somatic 
embryos from nodal and root cuttings, while the application of BA or 2, 4-D either 
singly or in combination inhibited the somatic embryogenesis. TDZ (0.51–
0.99  mg/l) and 2, 4-D (0.11  mg/l) have significant role in promoting somatic 
embryos via callus phase from leaf explants. Approximately 15% somatic embryos 
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from nodal and root explants from PGR-free medium developed into whole plant-
lets after a series of developmental phases, while somatic embryos from leaf 
explants showed poor (nearly <5%) conversion rate (Akula et al. 2003).

The induction of somatic embryos from hypocotyls, epicotyls, cotyledons, coty-
ledonary node, and leaves of seedlings of A. indica by using TDZ had been reported 
(Gairi and Rashid 2004). Reduction in root length and its branching, reduction in 
leaf size and intensification in its greening, and suppressions of hypocotyls elonga-
tion were obtained in low concentration (0.022 mg/l) of TDZ, and more suppression 
was noticed at a higher concentration (0.11 mg/l TDZ). The length of hypocotyls 
and epicotyls was strongly reduced at the highest concentration (0.22 mg/l TDZ). 
Direct differentiation of somatic embryos was high in the presence of 0.22 mg/l 
TDZ on hypocotyls, epicotyls, cotyledons, cotyledonary node, and leaves of seed-
lings of A. indica (Gairi and Rashid 2004).
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Abstract
The effects of NaH2PO4, sucrose, activated charcoal, polyvinylpyrrolidone 
(PVP), and strength of MS medium were studied to optimize thidiazuron (TDZ)-
induced direct somatic embryogenesis from leaf explants of Phalaenopsis aph-
rodite subsp. formosana. The results showed that full- and quarter-strength 
macroelements of MS medium were not suitable for direct embryo induction 
from leaf explants. Thus, a half-strength macroelement and full-strength micro-
elements of MS nutrients plus full-strength of MS vitamins, 170 mg l−1 NaH2PO4, 
1 g l−1 peptone, 3 mg l−1 TDZ, and 20 g l−1 sucrose are proposed as a suitably 
modified medium. In addition, PVP at 0.25 g l−1 significantly promoted direct 
embryogenesis on the cut ends of the explants, but activated charcoal at 0.5–1 g 
l−1 was inhibitory.
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16.1  Introduction

Phalaenopsis orchids are popular in international flower markets and have high 
commercial value as cut flower and potted plant production. Conventional in vitro 
culture protocols had been developed for propagation of this genus mainly via 
protocorm- like body formation, shoot multiplication, and callus culture (Tanaka 
et al. 1975; Arditti and Ernst 1993; Tokuhara and Mii 1993, 2001; Ernst 1994; Chen 
and Piluek 1995: Duan et al. 1996; Ishii et al. 1998: Islam and Ichihashi 1999: Chen 
et al. 2000: Park et al. 2000, 2002). Recently, more efficient regeneration systems 
through direct somatic embryogenesis had been developed using leaf cultures (Kuo 
et al. 2005; Chen and Chang 2006; Gow et al. 2008, 2009). However, further sys-
tematic investigations on medium composition and physiological status are needed 
to optimize the protocol for practical use in regenerating transgenic plants or mass 
propagation of this orchid. The aim of this present report is to study the effects of 
NaH2PO4, sucrose and strength of MS medium, activated charcoal, and polyvinyl-
pyrrolidone on direct somatic embryogenesis using the leaf culture system of 
Phalaenopsis aphrodite.

16.2  Materials and Methods

16.2.1  Plant Materials

In vitro grown seedlings of Phalaenopsis aphrodite Rchb.f. subsp. formosana 
Christenson (formerly also referred to as Phalaenopsis amabilis) were purchased 
from Taiwan Sugar Corporation (TSC), Chiayi, Taiwan. The plants were maintained 
on a plant growth regulator (PGR)-free half-strength MS (Murashige and Skoog 
1962) medium in 250 ml flasks with a 2-month-interval subculture period and for 
two times of subculture. All of the cultures were incubated under a 16/8-h (light/
dark) photoperiod at photosynthetic photon flux density of 32 μmolm−2 s−1 (daylight 
fluorescent tubes FL-30D/29, 40 W, China Electric Co., Taipei, Taiwan) and tem-
perature of 26 ± 1 °C. The seedlings with three to five leaves and two to four roots 
were used as donor plants.

16.2.2  Somatic Embryo Induction (in Darkness)

The basal medium for somatic embryo induction was a modified MS medium con-
taining half-strength macroelements and full-strength microelements and supple-
mented with [mg l−1]: myoinositol (100), niacin (0.5), pyridoxine HCl (0.5), 
thiamine HCl (0.1), glycine (2.0), peptone (1000), NaH2PO4 (170), sucrose (20,000), 
thidiazuron (3.0), and Gelrite (2500). The pH of variants of the medium was adjusted 
to 5.2 with 1M KOH or HCl prior to autoclaving at 121 °C for 15 min. Leaf tip seg-
ments (about 1 cm in length) taken from the donor plants were used to induce direct 
somatic embryogenesis on different variants of the medium. The leaf explants were 
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placed adaxial side up on the culture medium and were incubated in 90 × 15 mm2 
Petri dishes under darkness for 2  months in an incubator at temperature of 
26 ± 1 °C. Modification of medium composition including sucrose (0, 10, 20, 30, 
and 40 g l−1), NaH2PO4 (0, 42.5, 85, and 170 mg l−1), MS medium strength (full- 
strength macro- and microelements, half-strength macroelements and full-strength 
microelements as half-strength, and quarter-strength macroelements and full- 
strength microelements as quarter-strength), activated charcoal (0, 0.5, 1.0, and 2 g 
l−1), and polyvinylpyrrolidone (PVP; 0, 0.1, 0.25, and 0.5 g l−1) was used to test their 
effects on direct somatic embryo formation.

16.2.3  Somatic Embryo Development (in Light Condition)

Leaf-derived embryos were transferred onto a PGRs-free half-strength MS medium 
in 250 ml flasks under a light condition with 16/8-h (light/dark) photoperiod at pho-
tosynthetic photon flux density of 32 μmolm−2 s−1 and temperature of 26 ± 1 °C for 
45 days.

16.2.4  Histological Analysis

Tissues for histological observations were fixed in FAA (95% ethyl alcohol, glacial 
acetic acid, formaldehyde, water, 10: 1: 2: 7), dehydrated in a tertiary-butyl-alcohol 
series, embedded in paraffin wax, sectioned at 10 μm thickness, and stained with 
0.5% safranin-O and 0.1% fast green (Jensen 1962).

16.2.5  Scanning Electron Microscopy (EM) Observations

Samples for scanning EM were fixed in 2.5% glutaraldehyde in 0.1 M phosphate 
buffer (pH 7.0) for 4 h at 4 °C and then dehydrated in ethanol (Dawns 1971), dried 
using a critical point dryer (HCP-2, Hitachi), and coated with gold in an ion coater 
(IB-2, Giko Engineering Co.). A scanning EM (DSM-950, Carl Zeiss) was used for 
examination and photography of the samples.

16.2.6  Data Analysis

The percentage of explants forming somatic embryos was recorded as those formed 
from entire explants or different parts of the explants (LT, leaf tips; Ad, adaxial 
sides; Ab, abaxial sides; CE, cut ends). The number of embryos formed from each 
responding explant was counted under a stereomicroscope (SZH, Olympus, Tokyo, 
Japan) at the protocorm stage. Data were scored after 60 days of culture. Five repli-
cates (dishes) each with four leaf explants were provided for each treatment. The 
data expressed as percentages were transformed using arc sine prior to ANOVA and 
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then converted back to the original scale (Compton 1994). All means were com-
pared by following Duncan’s multiple range test (Duncan 1955). Significant differ-
ences between means were presented at the level of p ≤ 0.05.

16.3  Results and Discussion

16.3.1  The Morphogenetic Pathway of Direct Embryogenesis

When leaf explants of P. aphrodite were cultured on TDZ-containing half-strength 
MS medium supplemented with 20  g l−1 sucrose, pale yellow-green globular 
embryos were obtained after 45 days of culture in darkness (Table 16.1; Fig. 16.1a). 
These embryos subsequently turned green, enlarged, and developed scale leaves 
45 days after transfer onto PGR-free half-strength MS medium in light condition 
(Fig. 16.1b). The histological study revealed that the epidermal cells had undergone 
a process of dedifferentiation and gained mitotic ability to form meristematic cells 
(Fig. 16.2a). Subsequently, the meristematic cells gave rise to form somatic embryos 
without the intervening of callus tissues (Fig. 16.2b). These leaf-derived embryos 
developed and consist of scale leaves and the vascular tissue on the parent explants 
(Fig. 16.2c). Scanning EM observation revealed that the subepidermal cells were 
also able to divide into meristematic cells, thus forming protuberances through the 
epidermis (Fig. 16.3a). Single-state embryos formed on surfaces of explants with 
scattering dedifferentiated leaf cells (Fig. 16.3b). When a mass of leaf cells were 
induced to dedifferentiate, it became easier to form multiple-state of embryos 
(Fig. 16.3c). In addition, asynchronous formation of embryos was frequently found 
on the explants (Fig. 16.3c). The foliar embryos had the ability to form secondary 
embryos from their anterior end when they were still on the parent explants 
(Fig. 16.3d).

Table 16.1 Effect of sucrose on direct somatic embryogenesis from leaf explants of P. 
aphrodite

Sucrose 
(g l−1)

% of explant with 
embryogenesis

% of explant 
with browning

% of each part of explant 
with embryogenesis No. of embryos per 

responding explantCE Ad Ab LT
0 0 d 65 a 0 c 0 

b
0 
b

0 
b

0

10 40 ab 35 ab 25 b 30 
a

0 
b

5 
b

7.5

20 65 a 15 b 55 a 25 
a

15 
a

40 
a

7.8

30 10 cd 50 a 0 c 10 
ab

0 
b

0 
b

10.5

40 5 bc 65 a 10 c 10 
ab

0 
b

0 
b

11.0

Means within a column followed by the same letter are not significantly different according 
Duncan’s multiple range test at P ≤ 0.05 (Duncan 1955)
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16.3.2  Effect of Sucrose

In Oncidium orchid tissue culture, concentration of sucrose significantly affected 
somatic embryogenesis from leaf explants (Chen and Chang 2002, Su et al. 2006). 
Without sucrose, leaf explants of P. aphrodite failed to form embryos with necrosis 
after 2 months of culture on TDZ-containing medium (Table 16.1). Sucrose at 20 g 
l−1 gave the most suitable results with highest percentage of explants with embryo-
genesis from the entire explant and lowest percentage of explants with browning 
(Table 16.1). Except for the adaxial side, sucrose at 20 g l−1 gave significantly higher 
percentage of explants with embryogenesis when compared with other concentra-
tions on the leaf parts (Table 16.1). Higher concentrations of sucrose resulted in 
lower embryogenic responses, higher browning rates, but higher number of embryos 
per responding explant (Table 16.1).

Fig. 16.1 Direct somatic 
embryogenesis from leaf 
explants of P. aphrodite. 
(a) Somatic embryos with 
absorbing hairs formed on 
a leaf explant after 45 days 
of culture on half-strength 
MS medium with 3 mg l−1 
TDZ in darkness (scale bar 
= 1.5 mm). (b) Green, 
enlarged embryos with 
developing leaves after 
45 days of culture after 
transfer the somatic 
embryos shown in (A) to 
PGR-free half-strength MS 
medium in light (scale 
bar = 4 mm)
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16.3.3  Effect of NaH2PO4

Phosphate plays an important role in plant growth and development, and the process 
of somatic embryogenesis may be greatly influenced by phosphate (Pedroso and 
Pais 1995). NaH2PO4 was usually supplemented in media as an additive phosphate 
source for in  vitro culture in Dendrobium, Epidendrum, Oncidium, and 
Paphiopedilum (Chen et al. 1999, 2000, 2002, 2004; Chung et al. 2005, 2007). In 
Oncidium, NaH2PO4 was found to be effective in induction of direct embryogenesis 
from leaf cultures, and the optimal concentrations was between 85 and 170 mg l−1 
(Chen and Chang 2002). NaH2PO4 at 170 mg l−1 resulted in the highest efficiency of 
direct embryogenesis with 65% of explants forming an average of 7.8 embryos per 
responding explants. By contrast, other concentrations of NaH2PO4 had no signifi-
cant effects on direct embryogenesis. Except for adaxial and abaxial sides, NaH2PO4 
at 170 mg l−1 gave significantly higher percentage of explants with embryogenesis 
when compared with other concentrations on the leaf locations (Table 16.2).

Fig. 16.2 Histology of 
direct somatic 
embryogenesis from leaf 
explants of P. aphrodite. 
(a) Embryogenic cells 
originated from the 
epidermal layer of a leaf 
explant after 30 days of 
culture on half-strength 
MS medium with 3 mg l−1 
TDZ in darkness (scale bar 
350 μm). (b) Globular 
embryos formed after 
40 days of culture on 
half-strength MS medium 
with 3 mg l−1 TDZ in 
darkness (scale 
bar = 500 μm). (c) An 
embryo developed vascular 
tissues after 30 days of 
culture after transfer the 
somatic embryos shown in 
Fig. 16.1a to a PGR-free 
half-strength MS medium 
in light (scale 
bar = 1.5 mm)
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Fig. 16.3 Scanning electron microscopic observation on direct somatic embryogenesis from leaf 
explants of P. aphrodite. (a) An early event of direct embryogenesis from subepidermal cells (scale 
bar = 100 μm). (b) A globular embryo (scale bar = 200 μm). (c) Embryos with scale leaves formed 
on a leaf explant (scale bar  =  350 μm). (d) Secondary embryos (arrow) formed on a primary 
embryo (scale bar = 200 μm)

Table 16.2 Effect of NaH2PO4 on direct somatic embryogenesis from leaf explants of P. 
aphrodite

NaH2PO4 
(mg l−1)

% of explant with 
embryogenesis

% of explant 
with browning

% of each part of explant 
with embryogenesis

No. of embryos 
per responding 
explantCE Ad Ab LT

0 10 b 50 a 0 b 10 
a

5 
ab

5 
b

13.5

42.5 25 b 30 a 10 b 25 
a

0 
b

10 
b

13.5

85 20 b 30 a 10 b 10 
a

0 
b

10 
b

4.3

170 65 a 15 a 55 a 25 
a

15 
a

40 
a

7.8

Means within a column followed by the same letter are not significantly different according 
Duncan’s multiple range test at P ≤ 0.05 (Duncan 1955)
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16.3.4  Effect of Medium Strength

High concentration of nutrients in culture medium seems did not favor in vitro cul-
ture of Phalaenopsis (Arditti and Ernst 1993). In the present study, the result showed 
that half-strength MS medium was the most suitable one for induction of direct 
embryo formation from leaf explants of P. aphrodite (Table 16.3). Both full-strength 
and quarter-strength MS gave lower embryogenic responses and higher browning 
rates (Table 16.3). Indeed, half-strength MS medium was used as basal medium for 
in vitro culture of Dendrobium, Epidendrum, and Oncidium (Chen et al. 1999, 2000, 
2002; Chung et  al. 2005, 2007). Except for the adaxial side, half-strength MS 
medium gave significantly higher percentage of explants with embryogenesis when 
compared with other strength on the leaf locations (Table 16.3).

16.3.5  Effect of Activated Charcoal

Activated charcoal was usually used in conventional in  vitro culture medium of 
Phalaenopsis to reduce the toxic effect of phenolic compounds secreted by explants 
(Arditti and Ernst 1993). However, in the present study, the application of activated 
charcoal gave a negative effect on direct embryo induction from leaf explants of P. 
aphrodite (Table 16.4). Activated charcoal doses of 0.5, 1.0, and 2.0 g l−1 were all 
totally inhibitory and likely could be related to the obtained explant browning rates 
between 55% and 80% (Table 16.4). Suggestion is that the activated charcoal may 
absorb TDZ or reduce its activity to induce embryogenesis.

16.3.6  Effect of Polyvinylpyrrolidone

Polyvinylpyrrolidone (PVP) is soluble in water and binds to polar molecules excep-
tionally well, owing to its polarity. In plant tissue culture media, PVP adsorb not 
only toxic exudates (phenolics) but also growth regulators and nutrients (Bhat and 

Table 16.3 Effect of MS medium strength on direct somatic embryogenesis from leaf explants of 
P. aphrodite

Strength of 
MS medium

% of explant with 
embryogenesis

% of explant 
with browning

% of each part of explant 
with embryogenesis

No. of embryos 
per responding 
explantCE Ad Ab LT

Full 30 b 40 a 15 b 25 
a

0 
b

0 
b

5.2

1/2 65 a 15 a 55 a 5 
ab

15 
a

40 
a

7.8

1/4 20 b 40 a 20 b 0 
b

0 
b

0 
b

10.0

Means within a column followed by the same letter are not significantly different according 
Duncan’s multiple range test at P ≤ 0.05 (Duncan 1955)
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Chandel 1991). In the present study, the use of PVP significantly enhanced direct 
embryo induction from cut ends of explants (Table 16.5). In Dioscorea alata L., the 
exudate from the cut end of the explant was responsible for browning of the culture 
medium (Bhat and Chandel 1991). Therefore, the suggestion is that PVP may 
absorb the toxic exudate(s) from cut ends and this way promoted the somatic 
embryogenesis. According to experimental results, a suitable concentration of PVP 
would be 0.25 g l−1 (Table 16.5).

According to the present results, a modified MS medium with 1/2-strength mac-
roelements, full-strength microelements and vitamins, 170 mg l−1 NaH2PO4, 0.25 g 
l−1 PVP, and 20 g l−1 sucrose could be proposed as a suitable medium for direct 
somatic embryogenesis in Phalaenopsis aphrodite subsp. formosana.

Table 16.4 Effect of activated charcoal on direct somatic embryogenesis from leaf explants of P. 
aphrodite

Activated 
charcoal (g 
l−1)

% of explant with 
embryogenesis

% of explant 
with 
browning

% of each part of explant 
with embryogenesis

No. of embryos 
per responding 
explantCE Ad Ab LT

0 65 a 15 b 55 a 25 
a

15 
a

40 
a

7.8

0.5 0 b 55 ab 0 b 0 
b

0 
b

0 
b

0

1 0 b 70 a 0 b 0 
b

0 
b

0 
b

0

2 0 b 85 a 0 b 0 
b

0 
b

0 
b

0

Means within a column followed by the same letter are not significantly different according 
Duncan’s multiple range test at P ≤ 0.05 (Duncan 1955)

Table 16.5 Effect of PVP on direct somatic embryogenesis from leaf explants of P. aphrodite

PVP (g 
l−1)

% of explant with 
embryogenesis

% of each part of explant 
with embryogenesis No. of embryos per 

responding explantCE Ad Ab LT
0 45 a 25 b 20 

a
0 
a

25 
a

7.8

0.1 50 a 40 ab 30 
a

5 
a

25 
a

10.7

0.25 60 a 60 a 35 
a

10 
a

45 
a

15.5

0.5 50 a 50 a 25 
a

5 
a

25 
a

10.6

Means within a column followed by the same letter are not significantly different according 
Duncan’s multiple range test at P ≤ 0.05 (Duncan 1955)
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17TDZ Induced Diverse In Vitro Responses 
in Some Economically Important Plants

Parvatam Giridhar, Sridevi Vaddadi, Pradeep Matam, 
and S. V. Shreelakshmi

Abstract
A fleeting look at the diverse responses exhibited by a variety of plants against a 
urea derived, multifunctional plant growth regulator thidiazuron (N-phenyl-N′-
1,2,3-thidiazol-5-ylurea (TDZ)) reveals its significance in plant tissue culture. 
Few decades ago this substituted phenylurea compound was in use rarely for 
inducing tissue culture responses in woody plant species, but later became one of 
the most sought-after plant growth regulators for induction of in vitro responses 
even in non-woody plant species. One notable feature of this growth regulator is 
its cytokinin- and auxin-type responses reported in excised tissues of plants, 
which is otherwise familiar as a defoliant for the mechanical harvest of cotton 
bolls. Often morphogenetic responses such as organogenesis via direct or indi-
rect way, somatic embryogenesis, callus cell culture proliferations, etc. and phys-
iological changes at cellular level were demonstrated upon administering TDZ 
in vitro. Various biochemical core mechanisms for such triggered responses of 
TDZ have been reviewed. Under this context, a glance at TDZ induced in vitro 
responses in a woody plant species, such as coffee, vanilla orchid, annatto dye- 
yielding tropical plant Bixa orellana, banana, a natural non-calorie sweetener 
Stevia rebaudiana and natural flavour 2H4MB producing Decalepis hamiltonii, 
will evoke interest among researchers in this area, as the outcome facilitates fur-
ther advances in this area and also helpful for better utilization of TDZ for bio-
technological improvement of economically important plant species.
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Callus · Cell proliferation · Embryogenesis · Plant regeneration · Thidiazuron
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17.1  Introduction

Thidiazuron (TDZ) is a heterocyclic substituted phenylurea compound initially 
employed as a cotton defoliant (Arndt et al. 1976) and later emerged as one of the 
potential plant growth regulators. In view of its intrinsic cytokinin-like activity, 
sometimes it works better than adenine-type cytokinins (Mok et al. 1982). An arrays 
of biological responses were reported in response to TDZ administration to different 
plant species, which include physiological and biochemical changes.

It is opined that TDZ promotes the conversion of cytokinin ribonucleotides to the 
biologically more active ribonucleosides (Capelle et al. 1983). Various other func-
tions of TDZ include the following: it indirectly influences endogenous levels of 
growth hormones in treated plant cells (Suttle 1985); is able to stimulate cell divi-
sion, cotyledonary tissue expansion and the synthesis of endogenous purine cytoki-
nins; or inhibits their degradation (Thomas and Katterman 1986).

The role of TDZ in plant morphogenesis, mechanism of action, influence of 
other hormones, involvement of enzymes and ions, etc. is reviewed (Guo et  al. 
2011). TDZ is found to provoke a stress response in tissues upon concentration- 
dependent exposure. This causes a change in stress-associated metabolites such as 
proline, abscisic acid and 4-aminobutyrate and associated storage of numerous min-
eral ions (Murch and Saxena 1997). Since TDZ has been reported to induce micro-
propagation of various plant species, suggesting the possibility of a novel mode of 
its action by modulation of endogenous growth regulators in somatic embryos and 
callus tissue, in this article we highlight the potential influence of TDZ on in vitro 
propagation methods of some economically important plants.

17.2  Banana

Organized growth of banana tissue in vitro is limited to embryo culture and shoot 
tip culture, especially embryo culture is an important aid for classical breeding in 
banana since the germination frequency of seed is extremely low. A wide range of 
cytokinins [BA, 2iP, purine, zeatin and kinetin] including TDZ were explored for 
their influence on shoot tips freshly excised from in vitro rooted plantlets. Among 
these, TDZ was reported to outperform BA, kinetin, zeatin and 2iP even at low con-
centrations (Arinaitwe et al. 2000), while at relatively higher concentrations (above 
8 μM), it induces scalps in bananas (Sadik et al. 2007). The use of MS medium with 
1 μM TDZ and 1 μM IAA followed for shoot multiplication from excised shoot tips 
of Musa spp., followed by rooting with activated charcoal (AC), was investigated 
(Gubbuk and Pekmezci 2006). Multiplication rate of shoots decreases after few 
subculturing cycles. The addition of paclobutrazol (PP333) to TDZ-containing 
medium resulted in further increase of proliferation of buds when compared with 
the medium containing only TDZ (Lee 2005). Similarly, an efficient medium cul-
ture for clonal mass propagation was established for the propagation of two banana 
(M. acuminate L.) cultivars Cavendish Dwarf and Valery using the MS medium in 
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combination with 0.5 mg/L TDZ and 2 mg/L IAA and also somaclonal variation 
was reported (Farahani et al. 2008; Sheidai et al. 2010). Application of more active 
cytokinins with carry-over effect such as TDZ sustained bud proliferation in bananas 
for some time (Makara et  al. 2010). Direct shoot and cormlet regeneration was 
reported from whole male inflorescence on MS medium supplemented with optimal 
levels of BA, TDZ and KIN produced the maximum number of shoots in the pres-
ence of varying concentrations of TDZ (0.45–13.5 μM) irrespective of their geno-
types was reported for the four cultivars, namely, M. acuminata cv. Matti,  
M. acuminata cv. Sannachenkadali, M. acuminata cv. Chingan and M. acuminata 
cv. Njalipoovan also shoot proliferation in M. cavendishii (Smitha et al. 2014, 2015; 
Wijerathna and Kumarihami 2016). But elongation of shoots was inhibited at higher 
concentration of TDZ (9.1 μM), and clumps of small globular buds were reported at 
the base of shoots and genetic variation (Shirani et al. 2009, 2010). Anuradha et al. 
(2014) opined that BA alone was not sufficient to induce high proliferation rates and 
inclusion of TDZ was essential for shoot recovery in five wild species of Musa (M. 
acuminata, M. balbisiana, M. basjoo, M. jackeyi and M. textilis) and their subse-
quent cryopreservation. Theodosy and Juliana (2014) provided the evidence that 
in vivo shoot multiplication rates would be good through sucker growth of banana 
cv. Mzuzu, Bukoba and Mtwike and the same can be increased by dipping for 12 h 
deshealthed corms in TDZ solution at 2.0  mg/L.  Recently, Kassim et  al. (2015) 
optimized TDZ and N-(2-chloro-4-pyridyl)-N′-phenylurea (4-CPPU) increase 
embryogenic response from scalps of EA-AAA banana which can enhance their 
genetic transformation. Similarly, by using MS medium supplemented with 0.1 μM 
TDZ, the highest mean number of microshoots, rooting and their length were 
reported in cooking banana cultivar (INJAGI) (Jane et al. 2015).

17.3  Bixa orellana

B. orellana (Bixaceae) produce a unique reddish-orange dye known as annatto dye 
with bixin as the major apocarotenoid of it. This annatto dye is the most sought-after 
natural colourant in food industry, especially for colouring milk products, etc. 
Although many tissue culture methods were suggested for this economically impor-
tant plant, which includes in vitro shoot multiplication, somatic embryogenesis and 
callus formation from leaf and shoot tip explants, no efficient direct organogenesis 
methods were prevailing before 2004. By using in vitro established seedling parts as 
explants, direct organogenesis in the presence of TDZ was investigated (Parimalan 
et al. 2008). Noteworthy organogenesis response from hypocotyl segments, rooted 
hypocotyls, and cotyledonary leaf explants on MS medium supplemented with TDZ 
(2.0 mg/L) and 0.25% coconut water (CW) or N6-benzyladenine (BA) (7.0 mg/L) 
and α-naphthalene acetic acid (NAA) (0.1 mg /L) was accomplished for B. orellana 
(pink flowers variety). A maximum of 6–8 and 20–22 shoots per explant, with a 
shoot length of 10–12 mm, were obtained on media containing TDZ at 0.5 mg/L 
and 2.0 mg/L, respectively.
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De Paiva Neto et al. (2003) observed the presence of distorted leafy structures 
that fail to develop into normal shoots when TDZ alone was used in culture medium. 
But in the presence of CW (0.25%), TDZ (2.0 mg/L) supports multiple shoot bud 
growth. So, the major highlight of this study was that thidiazuron in combination 
with coconut water promoted higher organogenic response in rooted hypocotyls. 
Similarly, in a recent study, multiple shoots (5–6 in number) were reported from 
cotyledonary node explants of B. orellana on MS medium supplemented with 
4 mg/L TDZ (Vijayasekhar et al. 2012).

17.4  Capsicum spp.

Capsicum (chilli peppers) belongs to Solanaceae is a highly versatile plant system 
investigated for various tissue culture studies. However, it is one of the highly recal-
citrant plants in view of its poor responses and also genotypic dependence. A glance 
at literature reveals various inherent problems associated with in vitro studies of 
Capsicum such as rosette shoots, ill-defined shoot buds formation and abnormal 
morphogenetic nature, etc. (Kehie et al. 2012). Rafael and Neftali (1996) reported 
plant regeneration based on shoot formation from wounded hypocotyls with TDZ 
(1 μg/L), for C. annuum L., wherein the percentage of explants with buds and shoots 
was at 39.8%. Similarly the effects of different concentrations of TDZ were opti-
mized for in vitro micropropagation involving culturing of nodal segments in MS 
media (Ju et al. 2010; Otroshy et al. 2011). TDZ at 3.4 μM induced seven to eight 
shoots (from C. chinense Jacq. cv.) per explant that developed into healthy plants 
(Nancy et al. 2005). An in vitro regeneration protocol was developed by Kehie et al. 
(2012) for C. chinense Jacq. cv., wherein up to 13 shoots were induced with bud- 
forming capacity (BFC) index of 10.8, by culturing nodal segments in MS medium 
supplemented with 18.16 μM TDZ, followed by 35.52 μM BA. Recently, Mythili 
et  al. (2017) reported the presence of coconut water in the elongation media 
enhanced the regeneration of well-developed shoots from differentiating explants 
on TDZ. High regeneration frequency was obtained from different C. annuum vari-
eties, when explants were cultured on TDZ (2 mg/L). Significantly high regenera-
tion response was noticed with up to 12 shoots per explant with elongated shoots on 
TDZ (2 mg/L)-containing medium. Venkataiah et al. (2003) reported TDZ-mediated 
organogenesis in ten pepper cultivars, and the extent of the response varies with the 
genotype. Specifically, out of ten genotypes tested, C. annuum cv. CA 960, G4 and 
X-235 produced maximum number of adventitious shoots.

17.5  Coffea spp.

Coffea which belongs to Rubiaceae is a woody plant, and it is not so easy to achieve 
in vitro propagation. Especially the presence of high content of phenolics in leaves 
hinders callogenesis from leaf explants. During the last three decades, successful 
in vitro shoot multiplication and direct and indirect somatic embryogenesis methods 
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have been reported for this commercially important crop (Sridevi and Giridhar 
2008). However the response is mostly specific to a species or variety. Direct organ-
ogenesis and direct somatic embryogenesis are always advantageous, as they cut 
short the entire in vitro propagation period. Under this context, the role of TDZ in 
induction of direct somatic embryogenesis was demonstrated successfully for com-
mercially important Coffea arabica L. and Coffea canephora P ex Fr. (robusta). 
Giridhar et al. (2004) used segments taken from cotyledon leaf, first leaf and stalk 
of regenerated plantlets and able to obtain clusters of somatic embryos directly from 
cut portions of explants on 9.08 μM TDZ containing MS medium supplemented 
with 2% sucrose within 8 weeks which aid mass propagation through direct regen-
eration. This rapid and reproducible effect of TDZ was subsequently used to culture 
transformed in vitro plants of C. canephora (Giridhar et al. 2004). Later Ibrahim 
et  al. (2013) reported direct and indirect somatic embryogenesis in C. arabica, 
wherein the combination of 2.26 μM 2,4-D+4.54 and 9.08 μM TDZ induced direct 
somatic embryogenesis from explants, while that of 4.52 μM and 9.04 μM 2,4-D + 
9.08 μM TDZ induced indirect somatic embryogenesis. Similarly, influence of TDZ 
on secondary metabolites cafestol and kahweol of somatic embryos of robusta cof-
fee was demonstrated (Sridevi and Giridhar 2014). TDZ (2.27 μM) in combination 
with IAA (2.85 μM) and 5–10% coconut water in half-strength MS basal medium 
drastically reduced the levels of cafestol (caf) and kahweol (kah) in somatic embryos 
of C. canephora (Sridevi and Giridhar 2014).

17.6  Decalepis hamiltonii

Lack of systematic cultivation methodologies for D. hamiltonii and poor viability of 
the seeds after a couple of months of their maturity and dispersal are two reasons for 
its limited availability. Adding to its endemic nature, now it is an endangered plant. 
These factors have led to the development of several in vitro propagation protocols 
for its conservation. Vedavathy (2004) reported 100% germination of immature 
zygotic embryos when placed on MS medium supplemented with GA3 (0.05 ppm), 
BA (1.0 ppm) and TDZ (1.0 ppm). Giridhar et al. (2005) compared the influence of 
different cytokinins (2iP, BA, Kn, TDZ and Zeatin) on shoot multiplication through 
shoot tips. Maximum numbers of multiple shoots (6.5) were noticed on MS medium 
supplemented with 4.9 μM 2iP. Further elongation of shoots and adventitious shoot 
formation were obtained on MS medium with 2.5 μM 2iP and 0.3 μM GA3. Saini 
and Giridhar (2012) found that exposing seeds to 0.3% H2O2 resulted in effective 
(94%) seed germination in D. hamiltonii. Similarly, 100% of immature zygotic 
embryo germination on MS medium supplemented with GA3 (0.05  ppm), 
6- benzylaminopurine (BA, 1.0 ppm) and TDZ (1.0 ppm) was also reported in the 
same study.
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17.7  Stevia

Incorporation of TDZ in culture medium appears to be a promising step towards 
multiple shoots induction from shoot tip explants of Stevia rebaudiana. To achieve 
the same, inoculation of explants in two different modes was studied, i.e. normal 
method and reverse polarity (upside down) on culture medium (Giridhar et  al. 
2010), wherein 13.65 μM TDZ induced up to 12 shoots from shoot tip explants on 
modified MS medium. However, only three to four shoots were induced in normal 
mode of inoculation. In another study, the poor response of TDZ for multiple shoot 
induction from shoot tip explants especially when cultured on medium containing 
TDZ and NAA at 1.0 and 0.1 mg/L was reported (Zayova et al. 2013) for S. rebau-
diana collected from different regions of Bulgaria. Later, TDZ-induced high fre-
quency plant regeneration through direct shoot organogenesis in this plant was 
demonstrated (Lata et al. 2013) by using nodal explants (96%), wherein up to 60 
shoots per explant were claimed with an average shoot length of 6 cm. HPLC analy-
sis of in vitro raised plant leaves showed significant presence of steviolbioside, dul-
coside A, rebaudioside A and rebaudioside C (Giridhar et al. 2010; Lata et al. 2013). 
Recently, a two-stage culture procedure using TDZ for efficient micropropagation 
of S. rebaudiana (Singh and Dwivedi 2014) was reported. In this study, the best 
response was observed in the presence of 0.5  mg/L TDZ in half-strength MS 
medium, followed by transfer of induced shoots onto MS medium containing 
0.01 mg/L TDZ to get up to 11 long shoots with a shoot length of 7–8 cm. For the 
first time, in vitro shoot formation from root explants of S. rebaudiana was reported 
by Ghauri et al. (2013) on medium comprising TDZ, especially TDZ at 1.25 mg/L 
evoked 40.5% response from explants with a shoot length of 2–3 cm. However TDZ 
at lower concentration (0.5 mg) and 1.25 mg BA combination, best response was 
noticed (89.5%) with 3.25 cm long shoots. Apart from this TDZ was used to obtain 
regeneration from encapsulated nodal explants of S. rebaudiana (Lata et al. 2014).

17.8  Vanilla planifolia

Vanilla planifolia, native to Mexico and Central America, now cultivated in other 
parts of the tropics, is the source of natural vanillin produced in its beans upon cur-
ing. Being a succulent orchid, tissue culture protocol optimization is tricky. 
Successful plant regeneration from shoot and seed-derived callus was reported in 
vanilla (Nirmal Babu et  al. 1997; Minoo 2002; Minoo and Nirmal Babu 2009; 
Giridhar 2007). To achieve mass multiplication, large number of shoot buds induc-
tion from nodal explants is very vital. The combination of 4.54 μM TDZ and 10% 
coconut water was used to produce multiple shoots and bulbous shoot buds. These 
shoot buds developed into plantlets and successful hardening and field transfer 
accomplished (Giridhar and Ravishankar 2004c). Palama et al. (2010) established a 
novel protocol for the regeneration of vanilla plants in the presence of IAA 
(0.5 mg/L) and TDZ (0.5 mg/L) and investigated the biochemical and molecular 
mechanisms that trigger shoot organogenesis from embryogenic callus that initially 
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induced from in vitro raised seedlings of V. planifolia on MS basal medium contain-
ing TDZ (0.5 mg/L). Periodical subculturing and maintenance of primary callus on 
MS medium containing IAA (0.5 mg/L) and TDZ (0.3 mg/L) for 6 months induced 
embryogenic callus, and the same further leads to shoot organogenesis in 15 and 
20  days upon transfer to MS basal medium with NAA (0.5  mg/L). Kodja et  al. 
(2015) reported that the presence of TDZ in medium for over 2  years hampers 
adventitious shoot formation from protocorm-like bodies (PLBs). Similarly, two 
protocols of thin cell layer (TCL) system of V. planifolia cultures such as cross sec-
tion and longitudinal section were reported by Jing et al. (2014), among that longi-
tudinal section TCL system on medium containing BA (1.0  mg/L) and TDZ 
(1.0 mg/L) supported shoot induction of V. planifolia.

17.9  Conclusion

Thidiazuron is considered as a better option whenever other conventionally used 
cytokinins such as kinetin, BA and 2iP fail to show the desired response for in vitro 
propagation of plants. In this chapter we have summarized the potential benefits of 
TDZ incorporation in culture medium for various in vitro responses in some eco-
nomically important plants (Table 17.1). Although TDZ is considered as a good 
choice for woody plant species, nowadays it is very commonly used for inducing 
varied in vitro responses in diverse plants. As evident from the respective examples 
afore mentioned, in most of the cases, TDZ alone is capable of evoking significant 
response for callusing, shoot bud proliferation or organogenesis. Rarely TDZ exhibit 
a synergistic effect with other cytokinins or auxins such as IAA, NAA or IBA and 
worked well based on the medium used, explant type or other factors. However, 
being a synthetic cytokinin and also a nucleotide-based growth regulator, abnormal 
morphological appearances in cultures are not uncommon. Such abnormal responses 
could be prevented by employing TDZ along with optimized levels of coconut 
water. In general, for most of the cytokinins, the response is genotype specific and 
also for TDZ, the same is true. From these observations, it is also evident that thidi-
azuron alone has been found to substitute for both auxin and cytokinin requirements 
in culture media and induce better organogenesis or somatic embryogenesis which 
is well documented by others (Saxena et al. 1992; Gill et al. 1993). Not much is 
known about the cascade of events takes place during the induction of direct organo-
genesis or somatic embryogenesis that appears to follow the TDZ treatment. 
Probably, reprogramming and expression of morphologically competent cells are 
involved, and such regulatory signals could control plant morphogenesis with par-
ticular interest of the phenomenon of direct organogenesis or callusing or somatic 
embryo formation. Another reason for the promising response of TDZ in tissue 
culture is due to the accumulation of the biosynthetic precursors of both auxins and 
cytokinins which is well demonstrated by others by measuring alterations in the 
growth regulator levels; hence, the effect is due to de novo synthesis rather than 
reduced catabolism. Now the efficacy of this synthetic cytokinin in effecting regen-
eration in a wide range of plant species has been a proven fact. However, it is 
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Table 17.1 Approaches on TDZ-induced in vitro propagation for various economical plants

Plant Explant Response Hormones Reference
Musa spp. 
(banana) 
cultivars

Shoot tips Shoot proliferation MS+ 16.8 μM 
TDZ

Arinaitwe et al. 
(2000)

Scalps Embryogenic 
callus

MS+ 8 μM TDZ Sadik et al. 
(2007)

Shoot tips Rapid clonal 
propagation

MS+ 1 μM TDZ 
and 1 μM IAA

Gubbuk and 
Pekmezci 
(2006)

MS+ 0.5 mg/L 
TDZ and 2 mg/L 
IAA

Farahani et al. 
(2008), Sheidai 
et al. (2010)

Globular buds MS+ 9.1 μM 
TDZ

Shirani et al. 
(2009, 2010)

Multiple shooting MS+ 10 μM BA+ 
1 μM IAA+ 1 μM 
TDZ

Anuradha et al. 
(2014)

Corms In vivo shoot 
multiplication

2 mg/L TDZ 
solution

Theodosy and 
Juliana (2014)

Scalps Embryogenic 
response

MS+ TDZ and 
4-CPPU

Sadik et al. 
(2007)

Shoot tips Microshoots, 
rooting and their 
length

MS+ 0.1 μM 
TDZ

Jane et al. 
(2015)

Bixa orellana Hypocotyl 
segments, rooted 
hypocotyls and 
cotyledonary leaf

Organogenesis MS+ 2.0 mg/L 
TDZ and 0.25% 
coconut water

De Paiva Neto 
et al. (2003)

Cotyledonary 
node

Multiple shoots MS+ 4 mg/L 
TDZ

Vijayasekhar 
et al. (2012)

Capsicum. 
annuum L.

Buds and shoots Shoot formation 
from wounded 
hypocotyls

MS+ 1 μg/L TDZ Rafael and 
Neftali (1996)

Nodal segments Plantlet 
regeneration

MS+ TDZ Ju et al. (2010), 
Otroshy et al. 
(2011)

Capsicum 
chinense Jacq. 
cv.

Shoots Shoot regeneration MS+ 3.4 μM 
TDZ

Nancy et al. 
(2005)

Nodal segments Bud-forming 
capacity (BFC)

MS+ 18.16 μM 
TDZ+ 35.52 μM 
BAP

Kehie et al. 
(2012)

(continued)
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Table 17.1 (continued)

Plant Explant Response Hormones Reference
Coffea 
arabica L. 
and Coffea 
canephora P 
ex Fr.

Leaf explant Somatic embryos MS+ 2% 
sucrose+ 
9.08 μM TDZ

Giridhar et al. 
(2004) and 
Sridevi and 
Giridhar (2014)Callus production MS+ 2% 

sucrose+ 
9.08 μM TDZ+ 
10% coconut 
water

In vitro stalk leaf 
explant

Somatic embryos MS+ 2% 
sucrose+ 
9.08 μM TDZ

Callus production MS+ 2% 
sucrose+ 
9.08 μM TDZ+ 
10% coconut 
water

In vivo 
cotyledonary leaf 
explants

Somatic embryos MS+ 2% 
sucrose+ 
9.08 μM TDZ

Callus production
In vivo hypocotyl 
explants

Somatic embryos MS+ 3% 
sucrose+ 
9.08 μM TDZ

Callus production MS+ 2% 
sucrose+ 
9.08 μM TDZ

Leaf explants Callus, direct and 
indirect 
embryogenesis

MS+ 3% 
sucrose+ 
9.04 μM 2,4 D+ 
9.08 μM TDZ

Ibrahim et al. 
(2013)

Decalepis 
hamiltonii

Seeds 100% 
Germination

MS+ GA3 
(0.05 ppm), BA 
(1.0 ppm) and 
TDZ (1.0 ppm)

Vedavathy 
(2004), Saini 
and Giridhar 
(2012)

Shoot tips Multiple shooting MS with different 
concentration of 
2iP, BA, Kn, 
TDZ and Zeatin

Giridhar et al. 
(2005)

(continued)
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necessary to have an insight into the interaction of TDZ and other factors involved 
in morphogenesis of plants.
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Abstract
Thidiazuron (TDZ), a phenyl urea derivative, possesses strong cytokinin-like 
activity with a wide range of morphogenic responses in all plant species includ-
ing the woody ones, where other cytokinins are least effective. The current com-
munication reviews the effect of various concentrations and exposure durations 
of TDZ in in vitro morphogenesis in selected Vitex species. Four-week exposed 
nodal explants at 5 μM TDZ before transfer to secondary medium gave maxi-
mum shoot multiplication rate in V. negundo, while in V. trifolia 1-week exposed 
explants at 5.0 μM TDZ showed maximum regeneration frequency and shoot 
multiplication after 8  weeks of transfer to secondary medium. Best somatic 
embryogenesis has also been reported in leaf explants of V. doniana on TDZ- 
enriched medium with amino acid tryptophan. Best rhizogenesis of these TDZ- 
induced shootlets were reported on IBA in V. negundo and on NAA in V. trifolia. 
A 10-minute pulse treatment to excised shootlets at 500 μM IBA gave the maxi-
mum ex vitro rooting in V. negundo, while best in vitro rooting in V. trifolia was 
reported on ½ MS medium supplemented with 0.5 μM NAA. Rooted plantlets 
were acclimatized successfully in growth chamber and then transferred to field 
conditions with high survival rate without any morphological variation.
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Abbreviations

BA Benzyl adenine
IBA Indole-3-butyric acid
MS Murashige and Skoog medium
NAA α-Napthalene acetic acid
TDZ Thidiazuron

18.1  Introduction

Vitex, the largest genus in Verbenaceae, consists of 250 species; among them 14 
are found in India (Ganapaty and Vidyadhar 2005). These deciduous shrubs are 
widely distributed in tropics and warm temperate regions of both hemispheres 
of the world. Most of these species like V. negundo, V. trifolia and V. doniana are 
medicinally very important plants (Anonymous 2003). Due to their great medic-
inal and economical importance, these species have been indiscriminately har-
vested from the wild because of high industrial demands. The propagation 
through traditional conventional methods like stem cuttings and suckers is least 
efficient, and the seed viability is poor with low germination and poor seedling 
survival rates. Natural population is decreasing day by day, and therefore there 
is an immediate need to develop the reproducible micropropagation methods for 
mass multiplication of these valuable shrubs for germplasm conservation and 
ecorestoration.

Plant tissue culture technique paved the way for mass multiplication of the 
many prized medicinal and aromatic plants in short time span. The in vitro prop-
agation of these selected species from various explants would be beneficial in 
accelerating large-scale mass production improvement and conservation of these 
overexploited plant species (Anis and Ahmad 2016). Thidiazuron (TDZ) is a 
phenylurea compound with a diverse array of morphogenic responses from shoot 
bud induction to shoot proliferation and from callus formation to somatic 
embryogenesis in many plant species. TDZ may act as endogenous plant growth 
regulator having both auxin- and cytokinin-like activity with other functional 
roles in modification of cell membranes, energy levels and nutrient uptake or in 
nutrient assimilation. This morphoregulatory potential of TDZ has led to well-
established micropropagation systems in various woody plant species where 
other cytokinins are least effective. Short exposure of TDZ is sufficient to stimu-
late best regeneration system, while prolonged exposure has various negative 
effects on growing cultures. In this chapter the role of TDZ in inducing morpho-
genetic effects was reviewed in selected Vitex species.
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18.2  Vitex trifolia

Vitex trifolia is an aromatic hardy coastal shrub with pale grey bark growing up to 
5 m in a tropical climate having close resemblance and distribution with V. negundo 
and found in large parts of India, distributed from foot of Himalayas from south-
ward to the Andamans. Whole plant is used in herbal medicine, but leaves are most 
important possessing maximum number of phytochemicals. The leaves contain 
aucubin, agnuside, casticin, orientin, isoorientinluteolin-7-glycoside, camphene, 
alfa pinene, terpinyl acetate, flavones, beta-sitosterol, camphene, etc. The leaf 
extract is used to cure headaches, rheumatic pains, muscle sprains, tuberculosis and 
post-childbirth complications and possesses anticancerous activity. This decoction 
is also used to treat the swollen testicles and to treat beriberi, whole leaf bath is 
highly recommended. The flowers are used to treat fever, vomiting and severe thirst. 
The fruit contains the important alkaloid vitricine, and the decoction of fruits is used 
to treat amenorrhoea, common cold, headache, watery eyes and mastitis and to 
lower blood pressure. The inner bark is chewed and swallowed as a remedy for 
dysentery. The root extract is used as febrifuge and diuretic and to cure liver disor-
ders. Propagation of this plant through seeds and seedlings is very difficult; thus, 
this plant is raised from stem cuttings and offsets requiring the rainy season. Under 
such limitations of vegetative propagation where efficiency of generation cycle is 
low and time consuming, plant tissue culture technique is the only solution to ease 
down the propagation cycle with maximum efficiency and mass multiplication, 
without any seasonal constraints.

Ahmed and Anis (2012) reported shoot regeneration in Vitex trifolia, via adventi-
tious shoot proliferation using nodal explants. The properly disinfected explants 
were inoculated either on MS (Murashige and Skoog 1962) alone or MS supple-
mented with different concentrations (0.5, 1.0, 2.5, 5.0, 7.5 or 10 μM) of TDZ. All 
the tested concentrations of TDZ facilitated shoot bud induction after 1 week of 
incubation. No morphogenic response was observed on MS medium devoid of TDZ 
even after 4 weeks of incubation, served as control. MS + 5.0 μM TDZ facilitated 
maximum regeneration potential and shoot induction. Due to negative effects of 
prolonged exposure of TDZ, the responsive cultures were transferred to secondary 
medium either devoid of any PGR or enriched with different concentrations of BA 
alone or in combination with NAA. 1 to 10day exposure was given to nodal seg-
ments which were collected from different months, and it was found that 7-day 
TDZ-exposed explants collected from mid-September to November yielded maxi-
mum 93% regeneration frequency with maximum (23.0 ± 0.2) mean shoot number 
and (3.4 ± 0.3 cm) mean shoot length on (MS + 1.0 μM BA +0.5 μM NAA) after 
8 weeks of transfer. Further the growing cultures were subcultured onto the same 
fresh medium, and it was observed that all growth parameters increased up to fourth 
subculture with maximum stability on fifth subculture, beyond which all growth 
factors started declining. Healthy microshoots (4–5  cm) were excised and trans-
ferred to MS or 1/2MS rooting medium supplemented with varied concentrations 
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(0.1, 0.5, 1.0 or 2.0 μM) of NAA. After 4 weeks of incubation, 87% rooting response 
was observed on MS medium supplemented with (0.5 μM) NAA with maximum 
(4.4 ± 0.4) mean root number and (1.8 ± 0.09 cm) mean root length.

For acclimatization healthy rooted plantlets were transferred to soilrite-filled 
plastic cups, watered and covered with polybags to ensure and retain high humidity. 
After 4 weeks of acclimatization, plantlets with four or more fully expanded leaves 
were transferred to pots containing different planting substrates like soilrite, garden 
soil, vermiculite, or 1:1 mixture of vermiculite and garden soil. Among the tested 
planting substrates, best growth and maximum (92.2%) survival rate was observed 
on 1:1 ratio of vermiculite and garden soil. All the regenerated plantlets were mor-
phologically similar with mother plant without any detectable variation.

18.3  Vitex negundo L.

Vitex negundo is a woody aromatic medicinal shrub growing on altitude up to 
1500  m in outer Himalayas, distributed commonly in various parts of India and 
mainly found near tropical forests, moist places, riverbank sides and in open waste 
lands. It is widely grown as hedge plant along fields and road sides. Whole plant is 
used in herbal medicine but the leaves and roots are most potent. Nishindine and 
hydrocotylene are the two main alkaloids present in leaves. The other important 
phytochemicals present include agnuside, aucubin, casticin, glucononitol, gluco-
sides, iso-orientin, tannic acid, etc. Leaf extract is used to cure the rheumatic pains, 
sprains, foetid discharge and fever. The insecticidal, larvicidal, antibacterial and 
anticancerous properties are also reported (https://easyayurveda.com/2014/07/27/
nirgundi-vitex-negundo-uses-dose-side-effects-research/). Further leaf decoction is 
used as a tonic against vermifuge and hair disorders. Flowers are used to care the 
intestinal and liver disorders. Fruit juice is prescribed in headache and to treat 
watery eyes. Boiled seeds are used as heath supplement. Rhizome is used for treat-
ing leprosy. The root extract possesses febrifugal, diuretic and anthelmintic proper-
ties and is also used to cure the diseases like dysentery and dyspepsia. Thus, this 
plant is most commonly used in Indian system of herbal and indigenous medicine 
(Anonymous 2003). Indiscriminate collection from wild with limited cultivation, 
coupled with ever-increasing market and industrial demands has strained its natural 
population. Conventional propagation through stem cuttings and suckers is least 
efficient and age dependent. Regeneration through seeds is also problematic due to 
poor germination and low survival rates of seedlings. Other factors include trans-
portation and seasonal constraints (Sahoo and Chand 1998). Thus, it was important 
to establish a reproducible and efficient protocol for this valuable medicinal shrub. 
Plant tissue culture technique offers a valuable tool for mass multiplication and 
germplasm conservation of rare, endangered and aromatic medicinal plants by 
applying various plant growth regulators like BA, Kin, 2iP, TDZ, etc. TDZ potent 
cytokinin, was earlier tested for this species by Sahoo and Chand (1998), but they 
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did not got satisfactory results; protocol was modified by Ahmad and Anis (2007), 
for better multiplication of this plant species.

Ahmad and Anis (2007) reported enhanced shoot multiplication from nodal 
explants. Nodal explants were collected from the plants maintained in the net house 
of the Department of Botany, Aligarh Muslim University Aligarh, India. Sterilized 
nodal segments were inoculated on MS medium which served as control and failed 
to produce any morphogenic response even after 8 weeks of incubation. However, 
shoot bud induction was facilitated on all supplementations (0.1, 0.5, 1.0, 2.5, 5.0 or 
10 μM) of TDZ to MS medium after 1 week of incubation. Among the tested con-
centration, 1.0 μM TDZ was found most responsive (98%) for producing maximum 
(24.8  ±  0.96) mean  shoot   number with mean  shoot length (5.50  ±  0.41) after 
8 weeks of incubation. Different (2, 4, 6 or 8 weeks) exposure treatments were given 
to explants, and a 4-week exposure proved to be optimal for better response and 
regeneration. However, continuously growing cultures on the same fresh medium 
beyond 4  weeks showed some deleterious effects. To minimize these harmful 
effects, these responsive cultures were transferred on MS supplemented with 
(1.0 μM) BA + (0.5 μM) NAA for better growth and multiplications. These cultures 
were subcultured on the similar fresh medium; all growth factors like shoot number 
and shoot length increased up to fourth subculture, beyond which a decreasing trend 
was observed. This efficient protocol yielded the highest number of shoots (with 
better shoot length up to the fourth subculture than its earlier report; Sahoo and 
Chand 1998) where a low mean shoot number (1.26) was observed after 4 weeks 
with increase in shoot number up to second subculture. For stimulating ex vitro 
rhizogenesis, healthy shoots of length more than 4 cm were excised, and a 10-min 
pulse treatment of different (100, 200, 300, 500 or 1000 μM) higher concentrations 
of IBA was given. Of all the tested treatments, a maximum response of 97% was 
observed with the highest mean root number (13.6 ± 0.67) and mean root length 
(3.3 ± 0.45 cm) at 500 μM pulse treated per IBA shootlet after 4 weeks of transfer 
to soilrite. Healthy plantlets with six to seven fully expanded leaves were transferred 
to field conditions with 95% survival rate. In this 12-week micropropagation cycle, 
all plantlets regenerated from nodal explants grew and flowered normally without 
any detectable morphological variation with donor mother plant.

18.4  Vitex doniana

Vitex doniana is the most abundant and widespread indigenous species of Africa, 
and on different evidences, it has been transferred to family Lamiaceae (Wagstaff 
et al. 1998; Orwa et al. 2009). Leaves and fruits are eaten raw or after processing by 
rural people. All plant parts are used in traditional medicine to cure and relieve the 
diseases like anaemia, chickenpox, diabetes, fever, dysentery gonorrhoea, jaundice, 
leprosy and rachitis and also used as tonic to enhance milk production in lactating 
mothers. Further it is used for the treatment of kidney, liver and infertility disorders 
(Louppe et al. 2008; Orwa et al. 2009). Due to its widespread medicinal, nutritional 
and economic uses, it has been chosen as a model species to be domesticated in 
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Benin (Codjia et al. 2003; Dadjo et al. 2012). The conventional methods of propaga-
tion of this plant are weak and least efficient (Thies 1995, Sanoussi et al. (2012). 
The other factors like increasing population, growing industrial demands, overex-
ploitation and unimproved propagation methods have led to sharp decrease in its 
natural population (Achigan-Dako et al. 2010). Thus, there is an immense need to 
generate the alternate propagation methods through plant tissue culture technique to 
meet the said challenges. This is the most promising mass multiplication technique 
to protect, propagate and conserve the germplasm of valuable medicinal herb from 
a single cell, tissue or organ. Among the in vitro methods, regeneration through 
single cell (somatic embryogenesis) is the most feasible one for large-scale produc-
tion of transgenic plants in short duration (Saiprasad 2001).

Dadjo et al. (2015) reported the effect of TDZ on somatic embryogenesis in leaf 
explant of Vitex doniana. They evaluated the influence of TDZ and different amino 
acids on induction and regeneration of somatic embryos from the leaf explants of V. 
doniana, as no earlier tissue culture report on this plant was available. Healthy 
young leaves were collected from 2-year-old plants maintained in the greenhouse 
and were washed, disinfected, excised and cultured on MS medium supplemented 
with TDZ and other amino acids at varying concentrations. Among the tested con-
centration, MS + 0.11 mg/l thidiazuron + 2% sucrose +100 mg/l myo-inositol + 
tryptophan at 30.6  mg/l proved to be optimal for production of maximum (6.5) 
number of somatic embryos per explant. Further addition of 8.45 mg/l AgNO3 to 
medium produced the same number of somatic embryos in 90% embryogenic cul-
tures. Induction of callus starts from cut ends of the leaves with the formation of 
globular embryos after 4 weeks and cotyledonary stage embryos after 2 months of 
incubation. Among the tested amino acids, threefold increase was observed in 
proline- supplemented medium while fivefold increase on tryptophan-supplemented 
medium than the control. Thus, these differential results for induction and regenera-
tion of somatic embryos verify different requirements of specific amino acids in V. 
doniana.

18.5  Conclusion

In conclusion these established protocols showed the positive effect of TDZ on 
increasing the adventitious organogenesis from nodal or leaf explants of selected 
Vitex species. The present communication reviews efficiency of TDZ in vitro 
propagation protocols of three Vitex species through effective bud breaking and 
shoot multiplication or by somatic embryogenesis without any morphological 
abnormalities. Increase in shoot multiplication was observed in TDZ-exposed 
explants when transferred to secondary medium supplemented with BA and 
NAA. Shoot multiplication rates increased up to fourth subculture with maxi-
mum stability at fifth subculture. For in vitro rhizogenesis, IBA was found best 
for maximum response with highest mean root number. The efficiency of these 
established micropropagated protocols can be utilized for maximum clonal 
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production of rare and endangered medicinal plants for their germplasm conser-
vation and ecorestoration and to meet the industrial demands. These tissue cul-
tural approaches can be employed all over the year for large-scale production of 
planting material by bypassing the limitations of conventional methods. 
Biotechnology has made significant contributions for understanding the biologi-
cal processes which permits the manipulation of in  vitro morphogenesis and 
investigations on various physiological, biochemical and molecular aspects to 
address the recalcitrance of vegetative methods. 
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Abstract
A substituted phenylurea, thidiazuron (TDZ), plays a vital role as cytokinins in 
the regeneration of large number of plant species including stevia. There are 
several reports that are available on regeneration of stevia using TDZ. Apart from 
inducing regeneration with very high frequency, TDZ is also proved to be non- 
mutagenic. Stevia is of great importance due to its steviol glycosides (SGs) 
which are natural sweeteners used by the food industry as well as having medici-
nal purposes. This chapter is reviewed focusing on the impact of TDZ on shoot 
regeneration of stevia.
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19.1  Introduction

Stevia rebaudiana Bertoni (2n = 22), belonging to Asteraceae family, is a traditional 
medicinal herb containing sweet diterpene glycosides generally known as steviol 
glycosides. Major steviol glycosides are stevioside and rebaudioside A (Tadhaniet 
al. 2007). Stevioside, a diterpenoid glycoside, is a natural sweetener, predominantly 
found in the leaves of the plant. It is widely used for several years as a sweetener in 
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South America, Japan, and China and in different countries of Europe. Stevioside 
resembles the structure of gibberellins and is also synthesized through the same 
pathway as gibberellins (Genus 2003). Stevia is a highly self-incompatible plant, 
and a plant produced by seed generally shows a wide variation in the stevioside 
content (Tamura et al. 1984; Nakamura and Tamura 1985). In general the percent-
age of seed germination is quite low in stevia and requires long time to establish 
seedlings (Kawatani et al. 1977). Recent studies have displayed a high degree of 
variability in sweetening level and composition due to the heterogenous populations 
obtained through propagation by seed (Miyagawa and Fujioka 1986; Anbazhagan 
et al. 2010). Vegetative propagation is also limited by the lower number of individu-
als that can be obtained simultaneously from a single plant due to pathogen accumu-
lation in the tissues (Sakaguchi and Kan 1982; Debnath 2008; Mishra et al. 2010). 
Therefore, clonal propagation is ideal to reduce some of these problems, and micro-
propagation using plant tissue culture technology offers an approach that is capable 
of producing large numbers of genetically similar disease-free stevia plants in a 
short period of time and limited space.

Besides the development of a novel micropropagation system, an efficient growth 
regulator capable of inducing high organogenesis is necessary. Thidiazuron (TDZ: 
N-phenyl-N-[1,2,3-thiadiazol-5-yl]urea), a non-purine cytokinin compound, has 
been shown to exhibit a stronger effect than N6-benzyladenine (BA) on in  vitro 
morphogenesis of a large number of plants (Mithila et  al. 2003; Ganeshan et al. 
2006; Jones et al. 2007; Shan et al. 2000; Kumar and Reddy 2012). TDZ was syn-
thesized by German Schering Corporation for defoliation of cotton (Arndt et  al. 
1976). Originally, TDZ was classified as a type of cytokinin that induces many 
responses that were similar to the responses induced by natural cytokinins. It was 
proved that, TDZ alone, unlike traditional phytohormones, fulfilled the require-
ments of various regenerative responses of many different plant species. Recently, 
the morphoregulatory potential of TDZ has led to its application in plant tissue 
culture for the development of feasible morphogenetic systems. TDZ emerged as an 
effective bioregulant in cell and tissue cultures in wide array of plant species 
(Mithila et  al. 2003; Ganeshan et  al. 2006; Jones et  al. 2007; Shan et  al. 2000; 
Kumar and Reddy 2012). Moreover, TDZ triggers a basic survival mechanism in 
plant tissues that includes asexual reproduction for species survival.

19.2  Micropropagation of Stevia

Conventional method of propagation for this plant might not be useful for plant as 
well as stevioside production as the seeds of stevia have very low germination per-
centage. On the other hand, vegetative propagation is limited with less numbers of 
cuttings produced from whole plant with less survival rate. Tissue culture tech-
niques are best alternative for crop production to crop improvement. Since last 
25 years research on micropropagation of stevia plant has been conducted which 
includes all the methods of in vitro techniques (direct and indirect organogenesis). 
Summary of the micropropagation work on stevia is described in Table  19.1. 
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Table 19.1 Standardized protocol for micropropagation stevia

Sr. 
no. Explant Composition Result References
1. Callus MS + 0.1 mgl−1 BA + 3% 

sucrose + 0.8% agar (pH 5.8)
Bud formation initiation Ferreira and 

Handro (1988)
2. Callus MS + 1 mgl−1 BAP + 3% 

sucrose (pH 5.8)
Bud formation initiation Swanson et al. 

(1992)
3. Shoot 

tip
MS + 2 mgl−1 BA + 3% 
sucrose + 0.7% agar (pH 5.8)

8.5 ± 0.9 shoots per 
explants

Sivaram and 
Mukundan 
(2003)

4. Node MS + 2 mgl−1 IAA + 0.5 mgl−1 
Kn + 3% sucrose + 0.3% 
Phytagel (pH 5.8)

23.4 ± 2.1 shoots per 
explants

Hwang (2006)

5. Node MS + 1 mgl−1 IAA + 10 mgl−1 
Kn + 30 mgl−1 ADS + 3% 
sucrose + 0.9% agar (pH 5.8)

>10 shoots per explants Mitra and Pal 
(2006)

6. Node MS + 1.5 mgl−1 
BA + 0.5 mgl−1 Kn + 3% 
sucrose + 0.7% agar (pH 5.7)

85.33% growth rate with 
8.75 no. of shoots/culture

Ahmed et al. 
(2007)

7. Shoot 
tip

MS + 1 mgl−1 BA + 3% 
sucrose + 0.6% agar (pH 
5.7–5.8)

3.1 number of shoots per 
culture with 8.35 cm 
length of shoots

Hosain et al. 
(2008)

8. Shoot 
tip

MS + 3% sucrose + 0.5% agar 
(pH 5.7)

6.63 shoots per explants Ibrahim et al. 
(2008)

9. Leaf MS + 2 mgl−1 BA + 1 mgl−1 
Kn + 3% sucrose + 0.75% 
agar (pH 5.7)

4.33 number of shoots 
per explants with average 
shoot length of 3.73 cm

Sreedhar et al. 
(2008)

10. Callus MS + 1 mgl−1 BA + 0.2 mgl−1 
NAA + 3% sucrose + 0.9% 
agar (pH 5.6 ± 0.2)

14 number of shoots per 
explants with average 
shoot length of 5.6 cm

Janarthanam 
et al. (2009)

11. Callus MS + 1.8 mgl−1 
BA + 0.12 mgl−1 NAA + 3.5% 
sucrose + 0.7% agar (pH 
5.7–5.8)

2.17 shoots per culture 
with an average length of 
shoots of 3.22 cm

Moktaduzzman 
and Rahman 
(2009)

12. Node MS + 3.5 mgl−1 BA + 3% 
sucrose + 0.45% agar agar 
(pH 5.7)

83.2 number of shoots 
per explants

Sairkar et al. 
(2009)

13. Callus MS + 5 mgl−1 BA + 1 mgl−1 
NAA + 3% sucrose + 0.45% 
agar agar (pH 5.7)

3.8 plantlet formation per 
calli

Sairkar et al. 
(2009)

14. Shoot 
tip

MS + 1 mgl−1 BA + 0.5 mgl−1 
IAA + 3% sucrose + 0.8% 
agar (pH 5.8)

16.20 number of shoots 
per explants

Anbazhagan 
et al. (2010)

15. Shoot 
tip

MS + 2 mgl−1 Kin + 3% 
sucrose + 0.8% agar (pH 5.6)

11.33 number of shoots 
with an average length of 
11 0.13 cm

Das et al. (2010)

16. Node MS + 0.5 mgl−1 
Kn + 0.5 mgl−1 NAA + 3% 
sucrose + 0.8% agar (pH 5.7)

8.2 number of shoots 
with an average length of 
6.8 cm

Kalpana et al. 
(2010)

17. Node Modified MS + 1% 
sucrose + 0.7% agar (pH 6.2)

5.41 number of shoots 
with an average shoot 
length of 4.76 cm

Modi et al. 
(2012)
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Efficient protocols have been developed from explants, viz., callus, leaf, node, and 
shoot tips. Although the protocol looks very simple (Modi et al. 2012), there is an 
obvious impact of several growth promoter in micropropagation of stevia.

19.3  Regeneration of Stevia Plantlets Using TDZ

Direct regeneration of plant, i.e., without callus stage, is a valuable consistent tech-
nique of micropropagation. Development of plants through direct regeneration sys-
tem may show high genetic uniformity than those developed through callus 
intervening regeneration system. Numerous research reported on direct organogen-
esis of shoot buds using TDZ in culture medium from leaf, axillary nodes, shoot 
tips, and roots (Giridhar et al. 2010; Ghauri et al. 2013; Singh and Dwivedi 2014; 
Lata et al. 2015; Ahmed et al. 2016). Summary of the regeneration of stevia plant-
lets using TDZ is described in Table 19.2.

In experiments conducted with TDZ on stevia, interesting findings were observed 
by Giridhar et al. (2010) in which shoot tip explants were inoculated on medium 
with two different positions viz., horizontal and inverted (tip of the shoot goes 
downwards in the medium) and the medium contained different concentrations of  
TDZ (4.53-18.16 µM). They observed multiple shoot formation in both modes of 
explant position, and surprisingly, normally placed explants showed 3–4 shoots per 
explant, whereas 11–12 shoots per explant were observed in inverted explants. Not 
only on nodal explants but also on root explants that the TDZ showed regeneration 
of shoots. Incorporation of 13.62 μM TDZ in modified MS medium induced 11–12 
multiple shoots from shoot tip explant when inoculated in reverse polarity, i.e., 
shoot tip in downward direction (inverted mode).

Ghauri et al. (2013) established shoots on leaves of exotic stevia plants with an 
average shoot length of 2.75 cm in a medium containing 0.75 mgl−1 TDZ. Moreover, 

Table 19.2 Standardized protocol for in vitro regeneration of stevia plantlets using TDZ

Sr. 
no. Explant Composition Result References
1. Shoot tip MS + 13.62 μM TDZ 11–12 shoots 

per explants
Giridhar et al. 
(2010)

2. Leaf MS + 0.5 mgl−1 TDZ + 1.25 mgl−1 
BAP

40 shoots per 
explant

Ghauri et al. 
(2013)

3. Nodal explant ½ MS + 0.01 mgl−1 TDZ 11 shoots per 
explants

Singh and 
Dwivedi (2014)

4. Nodal segment MS + 1 μM TDZ 60 shoots per 
explant

Lata et al. 
(2013)

5. Nodal segment MS + 1.0 mgl−1 BAP + 0.5 mgl−1 
TDZ + 0.05 mgl−1NAA

3.38 shoots 
per explants

Soliman et al. 
(2014)

6. Shoot tip and 
nodal segment

MS + 2 mgl−1 BAP + 1 mgl−1 TDZ 3.6 shoots per 
explants

Pawar et al. 
(2015)

7. Shoot tip MS + 1.5 mgl−1 TDZ 14.5 shoots 
per explant

Ahmed et al. 
(2016)
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TDZ (0.5 mgl−1) along with 1.25 mgl−1 BA showed significantly higher numbers of 
shoots per culture.

The role of TDZ has been well characterized in shoot development of stevia 
(Singh and Dwivedi 2014). They established a culture of stevia on ½ MS medium 
containing cytokinins, viz., BA, Kn, and TDZ. The protocol had been developed 
with two stage procedures. Shoots from the best four media were selected for shoot 
proliferation, i.e., 0.2 mgl−1 BA, 0.2 mgl−1 Kn, 0.2 mgl−1 BA + 0.2 mgl−1 Kn, and 
0.5 mgl−1 TDZ. They were again transferred to either the same media or to the ½ 
MS or to the ½ MS + 0.01 mgl−1TDZ. It was observed that the medium containing 
½ MS + 0.01 mgl−1TDZ showed significantly higher numbers of shoots, increased 
shoot length, and higher numbers of leaves.  Among all, shoots transferred from 
0.5 mgl−1 TDZ to 0.01 mgl−1 TDZ-containing medium showed maximum numbers 
of shoots (11), highest shoot length (7.17 cm), and highest numbers of leaves (61).

Lata et al. (2013) studied the effect of various cytokinins on shoot formation in 
stevia. Various concentrations of BAP, Kn, and TDZ ranging from 1.0 to 9.0 μM 
were added to the medium, and they observed 60 shoots per culture with an average 
shoot length of 6 cm. Moreover, it was also observed that the average number of 
shoots was decreased with increased concentration of TDZ, whereas in BA- and 
Kn-treated plants the same value increased with increased concentration which 
implies the efficiency of TDZ at very low concentration. Further, Lata et al. (2015) 
studied the effect of TDZ on germination of synthetic seeds prepared from nodal 
segment of stevia. After 4 months of storage, 88% of the population germinated 
when placed on MS medium containing TDZ (0.2 mgl−1). Regenerated plants were 
then placed on root-inducing medium and subsequently in polyhouse for hardening. 
Well-developed plantlets were analyzed for clonal fidelity using photosynthesis 
rate, CO2 and water vapor exchange rate, water use efficiency, stevioside, and rebau-
dioside A content. Among all the parameters tested, the result between tissue culture 
raised plants and mother plants is comparable, and the difference between them is 
found at par (p < 0.05). Now, it is obvious that TDZ-induced regeneration does not 
lead to somaclonal variations, as, from physiological processes to biochemical con-
stituents, the results were found at par (Lata et al. 2015).

Soliman et al. (2014) attempted in vitro propagation of stevia through multiple 
shoot regeneration from nodal segments cultured on Murashige and Skoog (MS) 
medium supplemented with various concentrations of BAP, NAA, IAA, and 
TDZ. The maximum number of axillary shoots per explant (3.38) and the highest 
shoot length (2.92  cm) were observed with MS medium supplemented with 
1.0 mgl−1 BAP + 0.5 mgl−1 TDZ and 0.05 mgl−1NAA.

Pawar et al. (2015) observed the regeneration of bud from shoot tip and nodal 
segment on basal MS medium containing BAP along with Kin, TDZ, and NAA at 
different concentration. They found 3.3–3.6 shoots per explant on MS medium sup-
plemented with 2 mgl−1BAP and 1 mgl−1 TDZ.

Ahmed et  al. (2016) established the micropropagation protocol for stevia in 
which they tried different levels of cytokinins (BA, Kn, and TDZ) for shoot prolif-
eration. However, they observed that more numbers of shoots were formed in the 
medium containing TDZ (1.5 mgl−1) than any medium having alone BA or Kn or 
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their combination. Moreover, they also observed that days to shoot initiation were 
higher in TDZ-treated explants than BA or Kn. Formation of multiple shoots in 
TDZ-containing medium implied its significance in commercial plant production. 
Though 1.5 mgl−1 TDZ gave the best number of shoots (14.5), 1.0 mgl−1 TDZ gave 
the best performance.

19.4  Somatic Embryogenesis of Stevia Plantlets Using TDZ

Somatic embryos, which are bipolar structures, arise from individual cells and have 
no vascular connection with the maternal tissue of the explants. Embryos may 
develop directly from somatic cells (direct embryogenesis), or development of rec-
ognizable embryogenic structures is preceded by numerous, organized, non- 
embryogenic mitotic cycles (indirect embryogenesis). Somatic embryogenesis has 
a great potential for clonal multiplication. Under controlled environmental condi-
tions, somatic embryos germinate readily, similar to their seedling counterpart. Like 
other crops, the TDZ also helped in embryogenesis process in stevia. Banerjee and 
Sarkar (2010) established somatic embryos formed from leaf explants. TDZ with 
the concentration of 0.2 mgl−1 in the medium supplemented with 2 mgl−1 2,4-D and 
0.2 mgl−1 BAP showed maximum callus formation (96%) leading to somatic embryo 
formation, whereas in control (without TDZ) no callus formation was observed. 
Thus the efficacy of TDZ for somatic embryo formation, like other crops, may be 
justified for stevia also.

19.5  Conclusion

Regeneration, either in vivo or ex vivo, needs stable regulation of cell proliferation 
and organogenesis, which are assumed to confine to plant hormones, auxin, and 
cytokinins. TDZ is believed to be the best synthetic cytokinin present for the regen-
eration of numerous plant species including stevia. TDZ improved greatly the 
ex vivo generation and multiplication of species recalcitrant to propagation. In ste-
via regeneration, TDZ is much effective in concentrations 10–1000 times less than 
other phytohormones. However, in spite of the popularity of TDZ as a phytohor-
mone and more than 30 years of research work, the exact biological role of TDZ is 
still a mystery.
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20Shoot Organogenesis of Aloe Plants 
with Emphasis on TDZ

Thayamini H. Seran and Naseem Ahmad

Abstract
Aloe species particularly Aloe vera (L.) is a potential crop in pharmaceutical, 
cosmetic and food industries. As a result of increasing demand for aloe, large- 
scale plant production is needed for commercial cultivation. Hence, in vitro plant 
propagation is necessary for its commercial production due to male sterility and 
limited number of conventionally produced propagules. In aloe in vitro propaga-
tion, adenine-type cytokinins, particularly BAP, are mostly used for shoot organ-
ogenesis. According to the literature survey, TDZ at low concentration is required 
for a short period to induce multiple shoot buds than BAP. However, TDZ is not 
commonly used in aloe plant production although TDZ has been used in plant 
tissue culture of the other medicinal plant and horticultural crop species. Hence, 
it could be incorporated into culture medium even with other cytokinins, nor-
mally BAP, at appropriate concentration. Addition of auxins particularly IAA 
and NAA may enhance the initiation of shoots. Thus, TDZ would utilize in aloe 
in vitro clonal propagation technique which is useful in mass plant production, 
genetic transformation and germplasm conservation for international germplasm 
exchange.

Keywords
Aloe plant · BAP · In vitro culture · Plant propagation · TDZ
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20.1  Aloe Plant and Its Use

Plants belonging to genus Aloe are widely distributed in the world (Steenkamp and 
Stewart 2007), and there are many identified aloe species belonging to Aloaceae fam-
ily. Among them, Aloe vera L. (syn A. barbadensis Mill.) is the most popular species 
of the genus Aloe and commercially grown in many tropical climate countries for its 
medicinal properties (Park and Lee 2006). It is a succulent herbal plant and can grow 
in any soil preferably dry, sandy and well-drained soil (Fuentes et al. 2000). The aloe 
plants are commonly used in skin care and cosmetics and as nutraceuticals (Gordon 
and David 2001). The two major valuable substances from leaf source of Aloe vera are 
gel and latex (Ni and Tizard 2004). Aloe gel is widely used as a folk remedy for gas-
trointestinal medical problem, skin injuries and burns and also as a constituent in 
health foods and cosmetics (Capasso et al. 1998). Aloe juice is useful in smooth 
functioning of the body mechanism (Saroj et  al. 2004). In aloe plants, there are 
several potentially active components including mono- and polysaccharides, anthra-
quinones, saponins, enzymes, amino acids, vitamins, salicylic acid, lignin and steroids 
(Campestrini et al. 2006). Polysaccharide in aloe plants has the ability to control blood 
sugar, stimulate the production of body’s own antioxidant as well as reduce choles-
terol (Jones and Aloecorp 2005). Aloe vera emodin, an anthraquinone, has the ability 
to suppress or inhibit the growth of malignant cancer cells (Thomson 2004).

20.2  Need for In Vitro Plant Propagation

Aloe vera L. is one of the economically important crops, and it is a succulent plant 
which can be propagated by using seeds, root suckers and rhizome cuttings. But, 
aloe is mostly propagated by root suckers as seed propagation is not efficient due to 
the high occurrence of male sterility and also great interval between male and 
female flowering time (Liu et al. 2011); further plants raised from seeds are nor-
mally heterozygous. As planting materials, 3–4-month-old plants having three to 
four leaves are normally used. Generally, limited number of lateral shoots per plant 
is produced in a year in conventional method. Marfori and Malasa (2005) men-
tioned that five to ten suckers per plant are formed in a year. As a result, it is difficult 
to obtain larger number of planting materials for commercial cultivation through 
conventional vegetative propagation. Alternatively, rapid mass propagation of uni-
form healthy plants is possible using in  vitro technique in aloe which is widely 
distributed worldwide (Steenkamp and Stewart 2007). Hosseini and Parsa (2007) 
mentioned that the conventional vegetative propagation in aloe is not sufficient to 
meet its demand for growing plants continuously and it is an important plant for 
medical, ornamental and cosmetic uses.

There are several reports stating the potential of in vitro propagation of aloe dur-
ing the past decades (Aggarwal and Barna 2004; Liao et  al. 2004; Baksha et  al. 
2005; Marfori and Malasa 2005; Hosseini and Parsa 2007; Hashemabadi and 
Kaviani 2008; Bhandari et al. 2010; Nayanakantha et al. 2010; Haque and Ghosh 
2013; Daneshvar et al. 2013; Abdi et al. 2013; Dwivedi et al. 2014; Sahoo and Rout 
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2014; Lobine et al. 2015). In vitro propagation technique has been used to produce 
significantly larger number of genetically identical healthy plants from a single 
mother plant within a short period over conventional method of propagation. In 
addition, plants can be produced throughout the year, and plantlets can be conserved 
under in  vitro conditions. Further, somatic variants would be developed through 
indirect organogenesis. Moreover, genetic transformation of aloe varieties needs 
efficient in vitro culture techniques for obtaining competent explants for plant trans-
formation and regeneration (Velcheva et al. 2005).

20.3  In Vitro Shoot Organogenesis

In vitro organogenesis in plants involves formation of plant organ either shoots or 
roots directly from cultured explants or indirectly from callus under in vitro condi-
tions. They are unipolar structures and physically attached to the explants or callus. 
Rapid in vitro plant propagation of Aloe vera L. (syn Aloe barbadensis Mill) and 
other aloe species has been reported by various researchers (Roy and Sarkar 1991; 
Abrie and Staden 2001; Baksha et al. 2005; Saroha et al. 2005; Hashemabadi and 
Kaviani 2008; Nayanakantha et  al. 2010; Abdi et  al. 2013; Dwivedi et  al. 2014; 
Lavakumaran and Seran 2014; Lobine et al. 2015). Plantlets were effectively pro-
duced from shoot tip, rhizomatous stem and leaf segment of aloe. For successful 
plant production of Aloe vera, most of the researchers performed two-step process 
using one medium for shoot formation and the other medium for rooting of shoots 
to produce plantlets. Hashemabadi and Kaviani (2008) and Dwivedi et al. (2014) 
recommended one-step method to produce plantlets directly from shoot tips and 
used MS (Murashige and Skoog 1962) medium containing 6-benzylaminopurine 
(BAP) with α-naphthaleneacetic acid (NAA) or BAP alone, respectively, for the 
shoot induction, shoot proliferation and also rooting of shoots. In contrary, Abdi 
et al. (2013) demonstrated three-step procedure, i.e. shoot induction in MS medium 
with BAP and NAA, shoot proliferation in MS medium with BAP and rooting of 
proliferated shoots in B5 (Gamborg et al. 1968) medium with NAA. It may be due 
to the genetic variation of Aloe vera.

Roy and Sarkar (1991) reported the rapid propagation of Aloe vera through cal-
lus stage where callus was formed in stem segments excised from young axillary 
shoots. Garro-Monge et  al. (2008) and Choudhary et  al. (2011) regenerated the 
shoots successfully from callus derived from zygotic embryos and shoot tips, 
respectively. Callus is an unorganized cell mass which can redifferentiate to form 
plant organs or somatic embryos. Garro-Monge et al. (2008) stated that the maxi-
mum number of shoots was formed from embryogenic calluses derived from zygotic 
embryos in medium containing 2 mg/L BAP and 0.05 mg/L 2,4- dichlorophenoxy 
acetic acid (2,4-D); however, somatic embryos were not developed. It may be that 
appropriate concentrations of phytohormones are very important to regulate the 
pathway of plant regeneration. In most of the previous studies, BAP alone or in 
combination with NAA has been widely used in shoot organogenesis of aloe plants; 
however, thidiazuron (TDZ) has not been generally used in aloe species. Huetteman 
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and Preece (1993) suggested that TDZ is also an active cytokinin for shoot induc-
tion in plant tissue culture. It has equal or more effect than BAP, and it requires at 
one-tenth of the optimum BAP concentration (Tawfik and Mohamed 2005). In vitro 
shoot proliferation and subsequent rooting can be automated in bioreactors. Plant 
propagation technique through in vitro culture is useful in rapid plant production, 
genetic improvement and germplasm conservation of aloe plants.

20.3.1  Establishment of Culture

Several factors have effect on successful micropropagation of Aloe species under 
in  vitro conditions. They are disinfestation procedure, explant source, size and 
physiological stage of explants, phenolic compounds in explants, genotypes, culture 
medium and other aspects. Aseptic cultures are needed to establish cultures for mor-
phogenesis of plant tissues.

20.3.2  Explant Disinfection

An explant is a piece of plant tissue or organ which is used as initial source of 
in vitro culture. They are thoroughly surface sterilized with a disinfectant solution 
to remove surface contaminants prior to culturing. Most common contaminants are 
fungi and bacteria which emit metabolic wastes that are noxious to the cultured tis-
sues. Normally plant parts are collected from the healthy mother plants, and explants 
are excised from them and thereafter washed under running tap water for about 1 h. 
Subsequently they are dipped in 70% alcohol for 30  s and surface sterilized for 
20–30 min by using disinfectant solution with two or three drops of Tween 20 as a 
wetting agent. They are then washed three times with sterilized distilled water. 
Exposure time and selection of disinfectant are crucial to eradicate contaminates 
without damaging plant tissues. The exposure time of sterilizing chemicals depends 
on source, type and size of explants to be sterilized. Generally, sterilizing chemicals 
used in micropropagation of aloe plants are ethyl alcohol, sodium hypochlorite, 
calcium hypochlorite and mercuric chloride.

Sodium hypochlorite (NaOCl) is commonly used as disinfectant solution for 
sterilizing many plant types in plant tissue culture, and 1.4% NaOCl solution for 
1 min is an effective disinfectant agent from leaf explants of A. crasna and A. sinen-
sis from greenhouse source (Okudera and Ito 2009). In Aloe vera, shoot tips were 
surface sterilized with 2% (w/v) NaOCl by Hashemabadi and Kaviani (2008) and 
20% Clorox™ (NaOCl  – 5.25% active ingredient) by Lavakumaran and Seran 
(2014) for 30  min to excise 1.0–1.5-cm-long segments. Blume and Neis (2005) 
indicated that combined application of NaOCl and ultrasound treatment increased 
the effectiveness of explant sterilization. Further, it is demonstrated by Qi et  al. 
(2005) who treated the seeds effectively by using mercuric chloride (HgCl2) at 0.1–
0.2% for 10–15  min in A. agallocha and A. sinensis. Choudhary et  al. (2011) 
revealed that shoot tips were immersed in 1% Bavistin for 30 min and then treated 

T. H. Seran and N. Ahmad



363

with 0.1% (w/v) HgCl2 solution for 20 min to take 1.0–2.0-cm-long segments in 
Aloe vera. This is also stated by Dwivedi et  al. (2014) but treated with 0.15% 
Bavistin for 5 min and then surface sterilized with 0.1% HgCl2 solution for 5 min. 
Thus, disinfectant solution can be chosen depending on explant type and source to 
effectively sterilize explants for in vitro culture.

20.3.3  Explant Type

Healthy plant materials which are to be propagated are imperative to produce 
healthiest plants. The larger the size of explants, the more is the chance of contami-
nation. As a result, the size of explants should be optimum. Juvenile tissues are 
generally quick to respond as compared to older tissues. Type, size and physiologi-
cal stage of explants to be used are crucial in the initiation of culture and subse-
quently the expression of morphogenic potential of the cultured explants. Every 
living cell has a potential to produce complete plantlet, but not all plant cells have 
the equal capability to express totipotency (Sasikumar et al. 2009). The commonly 
used explants for direct in vitro propagation of Aloe vera L. (syn. Aloe barbadensis 
Mill) are shoot tips and lateral buds (Saroha et al. 2005; Baksha et al. 2005; Marfori 
and Malasa 2005; Hashemabadi and Kaviani 2008; Bhandari et  al. 2010; 
Nayanakantha et al. 2010; Abdi et al. 2013; Daneshvar et al. 2013; Lavanya and 
Seran 2013; Dwivedi et al. 2014), whereas rhizomatous stem and leaf segment are 
also used as explants by some researchers (Roy and Sarkar 1991; Haque and Ghosh 
2013; Sahoo and Rout 2014). Shoot tip explants showed quick response to induce 
shoot buds over leaf base explants (Lavanya and Seran 2013); further shoot tips hav-
ing leaf base were better than those without leaf base (Abdi et al. 2013). Long et al. 
(2007) declared that stem segment was the best explant for callus formation from 
aloe tissue. Aloe vera which is a succulent plant exudes phenolic substance from cut 
surface into the culture medium, and this compound leads to reduce the survival of 
explants (Roy and Sarkar 1991). In general, polyvinylpyrrolidone (PVP), ascorbic 
acid, citric acid and charcoal are incorporated into the culture medium to reduce the 
phenolic compound. Nayanakantha et al. (2010) stated that inclusion of 1 g/L PVP 
was not effective to control phenolic browning of explants; hence they used MS 
medium containing 4 mg/L BAP + 0.2 mg/L NAA + 1 g/L PVP + 10 mg/L citric 
acid + 0.5 g/L activated charcoal to obtain more adventitious buds in Aloe vera.

20.3.4  Culture Initiation

Successful plant propagation of aloe using in vitro techniques mainly depends on 
selection of suitable explant, composition of basal medium as well as combination 
and concentrations of plant growth regulators. Intact or segment of shoot tip which 
has meristematic tissue is commonly used as an explant for shoot regeneration of 
Aloe vera (Table 20.1). Explant browning is a major obstacle for the establishment 
of aloe culture (Roy and Sarkar 1991; Abrie and Staden 2001). It can be eliminated 
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or minimized by the addition of an antioxidant into the culture medium or other 
possible ways for reducing phenolase activity. Roy and Sarkar (1991) reported that 
incorporation of PVP in the culture medium assuaged the explant browning. This is 
in conformity with the finding of Bhatt and Dhar (2004) who stated that pretreat-
ment of mature explants with PVP was effective to control phenol exudation in 
Myrica esculenta. Conversely, Nayanakantha et al. (2010) noticed that inclusion of 
PVP at a rate of 1 g/L was not effective to control phenolic browning of explants. 
This may be due to genetic variation.

MS medium is commonly used in micropropagation of aloe plants (Table 20.1). 
The medium has been solidified with 0.6–0.8% agar (Baksha et al. 2005; Nayanakantha 
et  al. 2010; Abdi et  al. 2013; Sahoo and Rout 2014), and as a carbon source, 3% 
sucrose has been generally incorporated into the medium in aloe organogenesis 
(Marfori and Malasa 2005; Hashemabadi and Kaviani 2008; Nayanakantha et  al. 
2010; Choudhary et al. 2011; Abdi et al. 2013; Dwivedi et al. 2014). Organogenesis 
implies initiation of shoots and roots directly or indirectly from in  vitro cultured 
explants. Plant growth regular is an important factor for morphogenesis. Depending 
on the genotypes, appropriate level of phytohormones should be determined. In gen-
eral, cytokinins are used for shoot regeneration. Many reports showed that cytokinin 
is requisite at optimal concentration to stimulate multiple shoots in many plant spe-
cies; however, incorporation of auxin into the culture medium containing cytokinin 
enhances shoot regeneration when added at low concentration.

Selection of proper cytokinin and/or auxin at appropriate concentration is vital in 
clonal propagation of aloe plants. In general, a high ratio of cytokinin/auxin encour-
ages shoot formation, while low ratio induces root formation. BAP alone (Marfori 
and Malasa 2005; Haque and Ghosh 2013; Dwivedi et al. 2014) or with auxins is 
often used in initiation of aloe shoots (Baksha et al. 2005; Hashemabadi and Kaviani 
2008; Bhandari et al. 2010; Nayanakantha et al. 2010; Abdi et al. 2013; Sahoo and 
Rout 2014) as shown in Table 20.1. Liao et al. (2004) examined the effects of BA, 
NAA and sucrose on shoot bud initiation and suggested semi-solid MS medium 
containing 2.0 mg/L BA, 0.3 mg/L NAA, 30 g/L sucrose and 0.6 g/L PVP is best for 
bud induction. The medium containing kinetin and BA alone could not stimulate 
shoots (Abdi et al. 2013). This is attributed by Lavakumaran and Seran (2014) who 
expressed that MS medium containing 3 mg/L BAP or 1 mg/L TDZ in combination 
with 0.5 mg/L NAA exhibited more response for shoot bud induction than the other 
treatments from the cultured shoot tip explants. It is also reported by Sahoo and 
Rout (2014) who exhibited that BA was effective for shoot bud development from 
leaf explants than kinetin and adenine sulphate.

Shoots can also be regenerated indirectly from the cultured explants, i.e. through 
callus stage. Generally, medium with auxin alone or equal concentrations of cytoki-
nin and auxin stimulates callus from in  vitro explants. This is in harmony with 
Daneshvar et  al. (2013) who showed that most of explants produced callus in 
medium without cytokinin. Further, Choudhary et al. (2011) pointed out that MS 
medium supplemented with 0.5 mg/L kinetin and 0.5 mg/L 2,4-D induced better 
callus when tested in different concentrations of phytohormones; nevertheless 
shoots were developed better in 1 mg/L BAP and 0.5 mg/L NAA medium from 
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Table 20.1 Adenine-type cytokinins used in shoot induction and multiplication of Aloe vera L. 
(syn Aloe barbadensis Mill)

Explants
Cytokinin/s 
tested Best culture medium In vitro response References

Shoot tips BAP 
(0.5–4.0 mg/L)

MS + 2.0 mg/L 
BAP + 0.5 mg/L NAA

Shoot bud induction 
and multiple shoot 
formation

Baksha et al. 
(2005)

Shoot tips BAP, kinetin 
(0.0–2.0 mg/L)

MS + 1.0 mg/L BAP Shoot bud induction 
and multiple shoot 
formation

Marfori and 
Malasa (2005)

Embryogenic 
callus derived 
from zygotic 
embryos

BAP 
(0.5–4.0 mg/L)

MS + 2.5 mg/L 
BAP + 0.05 mg/L 2,4 
D

Shoot formation Garro-Monge 
et al. (2008)

Shoot tips BAP 
(0.5–2.0 mg/L)

MS + 0.5 mg/L 
BAP + 0.5 mg/L NAA

Shoot bud initiation, 
shoot proliferation 
and rooting

Hashemabadi 
and Kaviani 
(2008)

Shoot tips BAP, kinetin 
(0.2–1.0 mg/L)

MS + 1.0 mg/L 
BAP + 0.2 mg/L IBA

Shoot bud initiation 
and shoot 
proliferation

Bhandari 
et al. (2010)

Lateral shoot 
(suckers)

BAP 
(0.0–8.0 mg/L)

MS + 4.0 mg/L 
BAP + 0.2 mg/L NAA

Shoot bud induction 
and proliferation

Nayanakantha 
et al. (2010)

Callus derived 
from shoot tips

BAP 
(0.5–1.0 mg/L)

MS + 1.0 mg/L 
BAP + 0.5 mg/L NAA

Shoot formation Choudhary 
et al. (2011)

Shoot tips BAP, kinetin 
(0.0–1.0 mg/L)

MS + 1.0 mg/L 
BAP + 0.2 mg/L IBA

Shoot bud initiation 
and shoot 
proliferation

Kumar et al. 
(2011)

Shoot tips BAP 
(0.5–3.0 mg/L)

MS + 2.5 mg/L 
BAP + 0.15 mg/L 
NAA

Shoot proliferation Daneshvar 
et al. (2013)

BAP, kinetin 
(0.5–1.0 mg/L)

MS + 1.0 mg/L 
BAP + 1.0 mg/L 
kinetin + 0.15 mg/L 
NAA

Shoot proliferation

Shoot tips BAP, kinetin 
(0.0–4.0 mg/L)

MS + 4.0 mg/L 
BAP + 0.2 mg/L NAA

Shoot bud induction Abdi et al. 
(2013)

MS + 4.0 mg/L BAP Shoot proliferation
Rhizomatous 
stem (8 mm 
long)

BAP, kinetin 
(1.0–4.0 mg/L)

MS + 2.5 mg/L BAP Shoot bud induction 
and shoot 
multiplication

Haque and 
Ghosh (2013)

Shoot tips BAP, kinetin 
(50 μg/L– 
400 μg/L)

MS + 50.0 μg/L BAP Shoot bud initiation, 
shoot proliferation 
and rooting

Dwivedi et al. 
(2014)

Leaf segments 
(~0.5 cm2)

BAP 
(0.0–
3.0 mg/L), 
kinetin 
(0.0–3.0 mg/L)

MS + 2.0 mg/L BA 
+0.5 mg/L 
NAA + 40 mg/L 
adenine sulphate

Shoot bud initiation 
and shoot 
proliferation

Sahoo and 
Rout (2014)
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callus that was derived from shoot tips. In contrary, You (2001) reported that BAP 
was the vital phytohormone for callus induction on MS basal media, followed by 
IBA, 2,4-D and NAA. It is also supported by Velcheva et al. (2005) who stated that 
MS medium with 3 mg/L BAP and 2 mg/L IAA produced callus from young seed-
lings. Garro-Monge et al. (2008) revealed that a high number of shoots were formed 
from embryogenic calluses which were derived from zygotic embryos cultured in 
medium containing 2 mg/L BAP and 0.05 mg/L 2,4-D. In shoot organogenesis of 
aloe plants, the cultures are normally incubated at temperature ranging from 23 to 
27  °C under white fluorescent light with 16-h photoperiod (Baksha et  al. 2005; 
Nayanakantha et al. 2010; Abdi et al. 2013). Light intensity of 2000–2500 lux and 
70% relative humidity are often provided (Hashemabadi and Kaviani 2008; 
Lavakumaran and Seran 2014) for shoot regeneration.

20.3.5  Adenine-Type Cytokinins in Shoot Regeneration

The plant growth regulars particularly cytokinins are considered as an important 
component in the culture medium for shoot regeneration of aloe plants (Abrie and 
Staden 2001; Aggarwal and Barna 2004; Liao et  al. 2004; Velcheva et  al. 2005; 
Debiasi et  al. 2007). There are two types of cytokinins which are adenine-type 
(6-benzylaminopurine, kinetin and zeatin) and phenylurea-type cytokinins (diphe-
nylurea and thidiazuron) as stated by Aina et  al. (2012). Adenine-type cytokinins 
have been widely used in micropropagation of aloe plants by several researchers. 
Among them, BAP alone or in combination with auxins is usually employed in aloe 
propagation under in vitro conditions by the researchers (Table 20.1). Further, some 
researchers stated that BAP has better response than kinetin for aloe shoot bud induc-
tion and proliferation (Marfori and Malasa 2005; Bhandari et al. 2010; Kumar et al. 
2011; Haque and Ghosh 2013; Abdi et al. 2013; Sahoo and Rout 2014; Dwivedi et al. 
2014). It is also reported by Singh et al. (2009) who mentioned that the response of 
BAP was more than the other cytokinins on micropropagation of Aloe species.

Some researchers exhibited that BAP alone was effective for shoot proliferation 
of Aloe vera L. (syn Aloe barbadensis Mill) at the different concentrations 50.0 μg/L 
(Dwivedi et al. 2014), 1.0 mg/L (Marfori and Malasa 2005), 2.0 mg/L (Tanabe and 
Horiuchi 2006), 2.5 mg/L (Haque and Ghosh 2013) and 4.0 mg/L (Abdi et al. 2013). 
Although shoot multiplication was achieved more in auxin-free medium, shoot ini-
tiation was more prominent in BAP with NAA (Abdi et  al. 2013). On the other 
hand, a combination of both auxin and cytokinin is essential to enhance shoot pro-
liferation of aloe plants (Roy and Sarkar 1991; Aggarwal and Barna 2004; Liao 
et al. 2004; Velcheva et al. 2005; Baksha et al. 2005; Saroha et al. 2005; Hashemabadi 
and Kaviani 2008; Nayanakantha et al. 2010; Daneshvar et al. 2013). MS medium 
containing 2.0 mg/L BAP and 0.18 mg/L IAA produced multiple shoots in Aloe 
vera in 12 days after inoculation (Saroha et al. 2005). It is also reported by Aggarwal 
and Barna (2004), Bhandari et al. (2010) and Kumar et al. (2011) who stated that 
MS medium supplemented with 1.0 mg/L BA and 0.2 mg/L IBA (indole-4-butyric 
acid) gave the highest shoot multiplication.
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Liao et al. (2004) achieved shoot multiplication from shoot tip explants by using 
MS medium supplemented with 2.0 mg/L BA and 0.3 mg/L NAA. Similarly MS 
medium containing BA and NAA was the best medium for direct shoot regeneration 
in aloe plants (Baksha et al. 2005; Hashemabadi and Kaviani 2008; Nayanakantha 
et al. 2010). Moreover, Hashemabadi and Kaviani (2008) recommended 0.5 mg/L 
BA and 0.5 mg/L NAA combination is best for shoot proliferation and also rooting; 
further they also suggested that suitable ratio of BA to NAA was 1:1 or 2:1 for shoot 
bud initiation and their proliferation of Aloe vera. In contrast, Wu (2000) and 
Daneshvar et al. (2013) showed that suitable ratio of cytokinin to auxin was 10:1 for 
shoot multiplication of A. arborescence and A. vera, respectively. According to the 
available information, MS media containing 0.5–3.0 mg/L BAP with 0.0–0.5 mg/L 
NAA or IBA have been commonly used in direct shoot organogenesis of aloe plants.

The research study showed that the highest shoot proliferation was attained in 
MS medium supplemented with a combination of 2.0 mg/L BA, 0.5 mg/L kinetin 
and 0.2 mg/L NAA (Ahmed et al. 2007). However, Haque and Ghosh (2013) noticed 
the effective shoot multiplication in BAP at 2.5 mg/L when compared to kinetin at 
4.0 mg/L and further noted decrease in shoot production with an increased BAP 
strength above the optimum level. Baksha et  al. (2005) stated that there was no 
increase in shoot proliferation while increase concentration of BAP (4.0 mg/L) with 
or without NAA (0.5 mg/L). These findings revealed that the quality and quantity of 
phytohormones as well as genotypes of explants are more crucial for successful 
morphogenetic response and shoot proliferation.

In addition to BAP, adenine sulphate has been used by some researchers 
(Bhandari et al. 2010; Kalimuthu et al. 2010; Sahoo and Rout 2014) to enhance 
shoot proliferation of aloe plants. Though MS medium supplemented with 1.5 mg/L 
BAP and 50 mg/L adenine sulphate produced high shoot proliferation (Kalimuthu 
et al. 2010), inclusion of 50–150 mg/L adenine sulphate into the culture medium 
containing 0.2 mg/L BA and 0.2 mg/L IBA has no remarkable effect on shoot mul-
tiplication (Bhandari et al. 2010). Adenine sulphate generally performs as a precur-
sor for natural cytokinin synthesis. Moreover, MS medium supplemented with 
4 mg/L BAP + 0.2 mg/L NAA + 1 g/L PVP gave better shoot induction and elonga-
tion (Nayanakantha et al. 2010). In MS medium containing 1 mg/L BA and 0.2 mg/L 
IBA, the highest shoot multiplication was achieved by Aggarwal and Barna (2004) 
and Kumar et al. (2011) who further reported that citric acid at 10 mg/L and liquid 
medium with the same composition enhanced the shoot multiplication. According 
to their report, liquid medium is better than solid medium for shoot proliferation in 
A. vera and reduces the cost of production for commercial plant propagation. It is 
also reported by Adelberg and Adelberg (2012) who recommended liquid medium 
with lesser concentration (about 6 μM) of BA for the production of larger in vitro 
plantlets of A. barbadensis over those in solid medium without affecting the multi-
plication rate. The cultured tissue in liquid medium and composition of mineral 
salts in basal medium also determine the degree of shoot bud induction and their 
proliferation. Abdi et al. (2013) showed the evidence of highest rate of shoot induc-
tion from shoot tips cultured in MS basal medium with BA and NAA than that in B5 
basal medium containing BA and kinetin with NAA. Debiasi et al. (2007) stated that 
the use of MS medium is best for in vitro shoot multiplication.
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20.3.6  Thidiazuron in Shoot Organogenesis

Thidiazuron (TDZ) is a phenylurea-based cytokinin which was initially tested by 
Mok et al. (1982) to make use of it in plant tissue culture. During the past decades, 
many reports indicated that application of TDZ enhances shoot bud initiation and 
shoot proliferation in annual and perennial herbs. It boosts cell division and shoot 
differentiation (Nathiya et al. 2013). And also it increases cell elongation and breaks 
apical dominance (Guo et al. 2011). Generally, responses of TDZ are similar to the 
responses stimulated by the commonly used adenine-based cytokinins in plant 
regeneration under in vitro conditions. TDZ has a powerful role in physiological 
activity of plant tissues during its in vitro culture, and it is more effective than other 
plant growth regulators as it requires low concentration (Guo et al. 2011). Genkov 
and Iordanka (1995) mentioned that TDZ has a potent cytokinin-like activity at 
50–100  times lower concentrations than BAP; thus, it is inexpensive because it 
needs very less amount. Yildirim and Turker (2009) showed that TDZ was more 
productive in shoot organogenesis of meadowsweet as compared to BA and kinetin. 
TDZ exhibited higher in vitro response than BAP in shoot regeneration from leaf 
and petiole explants of Begonia tuberhybrida (Nada et  al. 2011) and shoot bud 
induction from shoot tips of Aloe vera (Lavakumaran and Seran 2014). This effect 
is consistent with the finding of Thinesh and Seran (2015) in friable callus produc-
tion from stem explants of Hylocereus undatus (dragon fruit) for plant regeneration 
through organogenesis or somatic embryogenesis. The stronger effect of TDZ is 
also confirmed by Wang et al. (2009) who revealed that when evaluating shoot bud 
formation in BA (1.0–5.0 mg/L), kinetin (1.0–5.0 mg/L) and TDZ (0.1–0.5 mg/L 
with NAA (0.05–0.5 mg/L), 0.2 mg/L TDZ and 0.1 mg/L NAA gave better axillary 
bud induction in Cannabis sativa (hemp). Moreover, they pointed out that regener-
ated plantlets in the medium supplemented with TDZ were more dense and vigor-
ous. Nathiya et al. (2013) stated that BAP had better multiple shoot initiation than 
TDZ in Withania somnifera (ashwagandha). This finding may be attributed to geno-
typic variation.

Endogenous plant growth regulators may be changed directly or indirectly by 
TDZ which has an efficient role in plant cell and tissue culture (Guo et al. 2011). 
TDZ is a vital component in tissue culture of woody plant and herbaceous crop spe-
cies (Huetteman and Preece 1993). According to available literature, TDZ is not 
widely used in micropropagation of aloe species although it has a significant effect 
on shoot proliferation of other plant species (Table 20.2). Addition of TDZ to the 
culture medium induced viable adventitious shoot regeneration in many plant spe-
cies (Mok et al. 2000; Uranbey 2005; Faisal et al. 2005; Peddabonia et al. 2006; 
Yildirim and Turker 2009; Nada et al. 2011; Nathiya et al. 2013; Lobine et al. 2015). 
Morphogenesis of in vitro cultured explants to TDZ mainly depends on the type of 
explants, genotypes, concentration of TDZ added to the culture medium and also 
endogenous plant growth regulars available in the cultured explants. The low con-
centration of TDZ is normally used for axillary shoot proliferation in culture (Mok 
et al. 2000; Singh and Syamal 2001; Guo et al. 2011). Lobine et al. (2015) reported 
that the highest protocorm-like structures were formed in the medium containing a 
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very low level (0.01 mg/L) of TDZ. On the other hand, they noticed the necrotic 
tissues when these structures were maintained in the same medium for a long period. 
Petiole explants which were excised from seedlings pretreated with 1 mg/L TDZ for 
5 weeks produced considerably more shoots in BAP and NAA medium than those 
taken from seedlings pretreated with 3 or 5 mg/L TDZ (Gürel et al. 2003). Short 
exposure to TDZ stimulates various morphogenetic responses (Guo et  al. 2011); 
meanwhile TDZ inhibits shoot elongation (Ledbetter and Preece 2004). As a result, 
the cultured explants in TDZ would be transferred to the basal medium (Guo et al. 
2011) or medium with other commonly used cytokinins (Debnath 2005; 
Lavakumaran and Seran 2014) to reproduce normal shoots.

TDZ and BAP have diverse roles in plant development during the activity of 
shoot meristems and shoot formation (Kyozuka 2007). Saroha et  al. (2005) 
expressed that when vertically excised shoot tips of Aloe vera were placed on MS 
basal media with various growth regulators for shoot regeneration, MS medium 
supplemented with BAP at 2 mg/L gave better response within 15 days, while BAP 
at 10 mg/L exhibited poor shoot proliferation. Further, they revealed that medium 
containing TDZ at 1 mg/L slightly increased shoot formation. This finding is in 
harmony with Lavakumaran and Seran (2014), and also microshoot buds were 
transferred to BAP (3 mg/L) from TDZ (1 mg/L) for shoot elongation, and further 
they observed abnormal structures at the high concentration (3  mg/L) of TDZ 
medium. Liao et  al. (2004) revealed that the degree of shoot bud proliferation 
decreases in higher concentrations of NAA or BA or kinetin medium. A high con-
centration of cytokinin leads to cytogenetic instability (Qu et al. 2000). Optimum 
concentration and appropriate type of cytokinins are principally required to expose 
the morphogenetic response for shoot regeneration under in  vitro conditions. 
Combined application of TDZ and BA showed efficient shoot initiation in Aloe 
arborescens (Velcheva et al. 2005). It is further supported by Nathiya et al. (2013) 
in Withania somnifera that MS media containing 0.5 mg/L BAP and 0.05 mg/L 
TDZ produced the highest shoot induction than media supplemented with BAP and 
TDZ alone, whereas Nada et al. (2011) highlighted that the number of shoots per 
explants of Begonia tuberhybrida was decreased in BAP and TDZ medium.

Not only TDZ and BAP have a stronger effect on shoot bud induction and prolif-
eration, but also TDZ in combination with auxins possesses better results in some 
plant species (Table 20.2). Inclusion of auxins, particularly IAA, NAA or IBA, into 
the culture medium containing TDZ exhibited greater multiple shoot induction in 
aloe plants (Lincy and Sasikumar 2010; Lavakumaran and Seran 2014; Lobine et al. 
2015) and other plants (Kusula et al. 2008; Wang et al. 2009; Nada et al. 2011). 
Lavakumaran and Seran (2014) stated that TDZ at low concentration (1 mg/L) with 
NAA (0.5 mg/L) had better shoot bud induction in Aloe vera as appeared in BAP at 
3 mg/L and NAA at 0.5 mg/L. It is also observed in endemic threatened Mascarene 
Aloes, namely, Aloe lomatophylloides, A. macra, A. purpurea and A. tormentorii, by 
Lobine et al. (2015) who noted more protocorm-like bodies in MS medium with 
TDZ and NAA.  This is in conformity with Lincy and Sasikumar (2010) who 
reported that TDZ and IBA alone or in combination with other hormones resulted in 
enhanced multiple shoot induction in Chinese aloe. Similarly, it has been noticed in 

20 Shoot Organogenesis of Aloe Plants with Emphasis on TDZ



370

chilli pepper (Kusula et al. 2008), hemp (Wang et al. 2009) and Begonia (Nada et al. 
2011) by the application of TDZ in combination with IAA or NAA.  Moreover, 
Victório et al. (2012) found that BAP and IAA or TDZ and IAA did not remarkably 
affect shoot responses. In petiole explants of Begonia, the highest number of shoots 
per explant was obtained in 2.0 mg/L TDZ and 0.5 mg/L NAA, but the number of 
shoots produced was significantly decreased in BAP alone or in combination with 
NAA and/or TDZ (Nada et al. 2011).

Table 20.2 TDZ used for in vitro shoot induction and proliferation of some plant species

Plant species 
(explants) PGR tested

Best culture 
medium

Growth 
response References

Aloe vera L. (shoot 
tip segments)

BAP alone or 
with TDZ

MS + 2.0 mg/L 
BAP + 1.0 mg/L 
TDZ

Shoot 
formation

Saroha et al. 
(2005)

Aloe 
lomatophylloides 
Balf.f

BAP, TDZ 
alone or with 
NAA

MS + 0.01 mg/L 
TDZ + 0.01 mg/L 
NAA

Adventitious 
shoot 
proliferation

Lobine 
et al. (2015)

A. macra Haw
A. purpurea Lam 
(0.5-cm-long 
hypocotyls with 
radicles)
Begonia 
tuberhybrida (1 cm2 
mature leaves)

BAP alone or 
with NAA 
and/or TDZ

MS + 2.0 mg/L 
TDZ + 1.0 mg/L 
NAA

Shoot bud 
formation

Nada et al. 
(2011)

Begonia 
tuberhybrida 
(1-cm-long petioles)

MS + 2.0 mg/L 
TDZ + 0.5 mg/L 
NAA

Capsicum annum L. 
(1 cm2 cotyledon and 
leaf explants)

BAP, TDZ, 
kinetin alone 
or with IAA

MS + 9.0 μM 
TDZ + 2.8 μM IAA

Shoot 
regeneration 
and elongation

Kusula 
et al. (2008)

Solanum tuberosum 
L. (1.0-cm-long 
shoot apices)

TDZ MS + 10−8 M TDZ Plantlet 
formation

Sajid and 
Aftab 
(2009)

Cannabis sativa L. 
(shoot tips)

BAP, TDZ, 
kinetin with 
NAA

MS + 0.2 mg/L 
DZ + 0.1 mg/L 
NAA

Auxiliary bud 
multiplication

Wang et al. 
(2009)

Calendula officinalis 
(apical explants 
1.0–1.2 cm)

BAP, TDZ 
alone or with 
IAA

MS + 0.8 mg/L 
BAP or 0.2 mg/L 
TDZ

Shoot 
proliferation

Victório 
et al. (2012)

Withania somnifera 
(shoot tips)

BAP, TDZ 
alone or in 
combination

MS + 0.5 mg/L 
BAP + 0.05 mg/L 
TDZ

Multiple shoot 
formation

Nathiya 
et al. (2013)

Curculigo latifolia 
(4.0-mm-long shoot 
tips)

TDZ with IBA MS + 0.5 mg/L 
TDZ + 0.25 mg/L 
IBA

Shoot 
regeneration

Babaei et al. 
(2014)

Achillea millefolium 
(terminal segment of 
rhizome)

TDZ MS + 0.75 mg/L 
TDZ

Shoot 
multiplication

Alvarenga 
et al. (2015)
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In ginger, low concentration of BAP with NAA persuaded the shoot induction 
slowly but favours for shoot elongation from multiple shoots, whereas compara-
tively high concentration of BAP with NAA resulted in stunted multiple shoot buds 
from rhizome explants (Sathyagowri and Seran 2011, 2013). It is also reported by 
Hiremath (2006) who observed that high concentration of cytokinins exhibited the 
greater number of multiple shoots and reduction in shoot length. Ivanova (2009) 
stated that medium containing TDZ at 5 μM and 15 μM formed shoot buds which 
did not develop into shoots in Aloe polyphylla. However, Nathiya et  al. (2013) 
noticed the shoots in medium containing TDZ which were very short and firm in 
Withania somnifera; further they observed that BAP medium produced less shoot 
primordia and well-differentiated shoot length than TDZ medium. It is also sup-
ported by Victório et al. (2012) who revealed that shoot elongation of C. officinalis 
was suppressed by the application of TDZ though it gave maximum shoots in low 
concentrations. TDZ at 0.5 mg/L stimulates a highest number of shoots by indirect 
organogenesis in blueberry (Cappelletti et  al. 2016). According to the available 
reports, TDZ is used to induce multiple shoot buds in some plant species, but 
adenine- type cytokinins, particularly BAP, are needed for the production of elon-
gated shoots in organogenesis under in vitro conditions where TDZ functions as an 
effective bioregulant (Matand and Prakash 2007).

20.4  In Vitro Rooting

The in vitro proliferated shoots are rooted to form plantlets. For in vitro rooting, the 
uniform healthy shoots are selected and normally transferred to culture medium 
supplemented with auxin alone or in combination with reduced level of cytokinin. 
The requirement of plant growth regulators for root initiation and their subsequent 
development mainly depends on plant species and phytohormones added in medium 
for shoot proliferation. In the previous reports, auxin alone particularly NAA or IBA 
has been used by many researchers for in vitro rooting of aloe shoots (Baksha et al. 
2005; Marfori and Malasa 2005; Nayanakantha et al. 2010; Daneshvar et al. 2013; 
Abdi et al. 2013; Sahoo and Rout 2014). Daneshvar et al. (2013) exhibited the root 
induction within 3 weeks after culturing in medium containing NAA or IBA (0.25–
0.5 mg/L) and further described that the quality of developed roots in 1.0 mg/L IBA 
is better than in 1.0 mg/L NAA. Baksha et al. (2005) indicated that in higher auxin 
level (1.0–1.5 mg/L), the quality of developed roots was poor. The best auxin for 
root induction (Baksha et al. 2005) and root formation (Marfori and Malasa 2005) 
was NAA than IAA and IBA. An optimum concentration of NAA added to MS 
medium is 0.10 mg/L for rooting (Marfori and Malasa 2005).

The rooted shoots have been attained not only in auxin alone medium but also in 
combination with cytokinin. Hashemabadi1 and Kaviani (2008) stated that rooting 
of the proliferated shoots was better in MS medium containing 0.5 mg/L BA plus 
0.5 mg/L NAA or 1 mg/L BA plus 0.5 mg/L NAA. In contrast, Nayanakantha et al. 
(2010) reported that shoots in MS medium with BAP alone or in combination with 
NAA did not produce roots. The reason for the result obtained may be due to 
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relatively high ratio of cytokinin/auxin used by them. In addition to the phytohor-
mones, the quantity of mineral salts in the medium is a vital role in rooting of 
shoots. Within 3–4 weeks of culture, the high percentage (<75–95%) of rooting was 
attained in half MS medium with 0.5 mg/L NAA (Sahoo and Rout 2014; Baksha 
et al. 2005) but 100% rooting in MS medium with 0.2 mg/L NAA (Nayanakantha 
et al. 2010) and B5 medium with 2.0 mg/L NAA (Abdi et al. 2013).

Some researchers reported rooting of aloe shoots in MS medium without growth 
regulators (Aggarwal and Barna 2004; Bhandari et al. 2010; Nayanakantha et al. 
2010; Haque and Ghosh 2013; Lavakumaran and Seran, 2014) or with cytokinin 
alone (Hashemabadi1 and Kaviani 2008; Dwivedi et al. 2014). The rooting percent-
age was 90% in MS medium supplemented with 0.5  g/L activated charcoal 
(Nayanakantha et al. 2010). Plant regeneration, i.e. shoot regeneration and root for-
mation, was achieved using only MS medium supplemented with 2.5 mg/L BAP 
(Hashemabadi and Kaviani 2008) or with 50 μg/L BAP (Dwivedi et al. 2014) in 
micropropagation of Aloe vera. Leaf gel of Aloe vera (AVG) as organic supplement 
(20.0%) was also incorporated to one-third strength of MS medium for successful 
rooting of regenerated shoots from nodal segment of rhizomatous stem by Haque 
and Ghosh (2013). Sometimes, the regenerated shoots are dipped into auxin solu-
tion and then directly transferred to the auxin-free medium or the soil to develop 
roots. And also the proliferated shoots or plantlets in culture should be prepared for 
acclimatization to increase the survival rate during transplanting.

20.5  Acclimatization

Successful transfer of the in vitro plantlets to the soil under ex vitro condition is one 
of the most important stages in plant propagation. Normally, roots formed in the 
culture are non-functional, and in vitro plantlets are very sensitive to ambient envi-
ronmental conditions; therefore, hardening of plants is necessary to adapt them to 
ex vitro conditions and also to produce normal roots. There is also a possibility to 
acclimatize the non-rooted shoots in the soil under the controlled environment. In 
general, the rooted shoots are collected from the in vitro culture and washed the 
agar. Later they are transplanted to the suitable soil mixture in small pots and placed 
under the controlled environmental conditions in greenhouse. Subsequently, plants 
are gradually exposed to reduce the relative humidity, and the acclimatized plants 
are then transferred to the field. Haque and Ghosh (2013) and Sahoo and Rout 
(2014) mentioned that in vitro plantlets of aloe plants were successfully hardened in 
the greenhouse. The various potting mixtures such as mixture of soil and farmyard 
manure (Aggarwal and Barna 2004), coconut peat and perlite (Hashemabadi and 
Kaviani 2008) and sand/soil/cow dung (1:1:1) (Sahoo and Rout 2014) have been 
used by the researchers for hardening plantlets in the greenhouse. The acclimatized 
plants were transplanted in soil and vermin compost (3:1) mixture with 100% sur-
vival rate (Haque and Ghosh 2013), and they were successfully transferred in the 
field (Marfori and Malasa 2005).
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Abstract
Broccoli is a high-valued nutritionally rich important cole vegetable crop. But its 
quality and quantity are largely affected by various pests, diseases, and environ-
mental stresses. Traditional plant breeding technologies alone are not sufficient 
to control its massive losses because of no natural genetic variations present in its 
germplasm. Genetic manipulation can supplement the conventional agricultural 
practices for broccoli improvement. The objective of the present study was to 
evaluate the effectiveness of thidiazuron (TDZ) in in vitro high-frequency plant 
regeneration studies in broccoli using hypocotyl, cotyledon, petiole, and leaf 
explants. Highly efficient and reproducible regeneration protocol has been opti-
mized in broccoli cv. Solan green head. Explants were cultured on Murashige- 
Skoog (MS) medium, containing different TDZ concentrations and combinations 
such as TDZ alone, TDZ + adenine, TDZ + NAA (naphthalene acetic acid), and 
TDZ + IAA (indole acetic acid). Total 36 combinations were used; the maximum 
shoot regeneration response was observed in hypocotyl explants (95.92%) on 
MS medium supplemented with 2.0 μM TDZ + 0.5 μM IAA followed by petiole 
explants (91.55%) on MS medium with 2.0 μM TDZ + 0.107 μM NAA. Leaf 
explants gave (89.25%) shoot regeneration response on MS medium containing 
1.0 μM TDZ + 0.107 μM NAA and cotyledon explants producing multiple shoots 
(88.88%) on MS medium supplemented with 2.0 μM TDZ + 0.59 mM adenine. 
After completed shoot regeneration, high-frequency (100%) root regeneration 
response was observed on rooting medium containing 0.10 mg/l NAA. For hard-
ening, in vitro regenerated plantlets were transferred to pots containing cocopeat 
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and successfully acclimatized. Well developed in  vitro plant regeneration 
 protocol has been optimized in broccoli cv. Solan green head using potent cyto-
kinin thidiazuron.

Keywords
Thidiazuron · Explant · Organogenesis · Rooting · Acclimatization

21.1  Introduction

Broccoli (Brassica oleracea L. var. italica) is nutritionally rich, an economically 
important, cole vegetable crop of the family Brassicaceae (2n = 18), especially rich 
in vitamin A, vitamin K, calcium, antioxidants, β-carotene, riboflavin, and iron con-
tent (Vallejo et al. 2003; Abdel-Wahhab and Aly 2003). The anticancer properties of 
broccoli are contributed by anticancerous compound sulforaphane (Zhang et  al. 
1992; Kumar and Srivastava 2016a, b; Kumar et al. 2017a, b) and high selenium 
content (Finley et al. 2001; Finley 2003). Quality and quantity of broccoli produced 
are largely affected by different pests, diseases, and environmental stresses during 
commercial cultivation of broccoli because of its limited gene pool (Cao and Earle 
2003; Viswakarma et al. 2004; Parmar et al. 2017). Therefore, genetic manipulation 
is an appropriate method for broccoli genetic improvement.

Broccoli cv. Solan green head is used in crop breeding program due to its early 
maturity as well as high yield potential. The cultivar was developed by the 
Department of Vegetable Science, Dr. Yashwant Singh Parmar University of 
Horticulture and Forestry, Nauni, Solan, Himachal Pradesh, India. However, the 
broccoli cv. Solan green head is severely affected by insect pests, such as diamond-
back moth, cabbage looper, beetles, and aphids (Kumar and Srivastava 2015a; 
Kumar et al. 2015b). The diamondback moth is considered to be the major pest of 
the crucifers worldwide and has become resistant to all major categories of insecti-
cides (Tabashnik et  al. 1991). According to Kumar and Srivastava (2015a) and 
Kumar et al. (2015b), plant tissue culture applications along with plant genetic engi-
neering can be used to add agronomically important target characteristics to broc-
coli cultivars. Establishment of reproducible, highly efficient in  vitro plant 
regeneration system is a key step for genetic improvement of broccoli via genetic 
transformation procedure.

A stable, reliable, and efficient plant regeneration system is the basis of genetic 
manipulation studies of any plant species. Various researchers have reported plant 
regeneration studies in broccoli by using different explants such as anther (Chang 
et  al. 1996), peduncle (Christey and Earle 1991), protoplasts (Kaur et  al. 2006), 
hypocotyl (Ravanfar et al. 2009; Huang et al. 2011; Kumar and Srivastava 2015a; 
Kumar et al. 2015a), leaf tissue (Farzinebrahimi et al. 2012; Kumar and Srivastava 
2015a), cotyledon (Qin et al. 2006; Ravanfar et al. 2011, 2014; Kumar and Srivastava 
2015a, b), and petiole (Kumar et al. 2015a, b).
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Thidiazuron (N′-phenyl-N′-1,2,3-thidiazol-5-ylurea, TDZ) is heterocyclic phe-
nyl urea that has tremendous application as a potent plant growth regulator (PGR) 
having biological properties similar to cytokinin (Mok et  al. 1982), for in  vitro 
regeneration studies in different crops such as rubus (Fiola et al. 1990), geranium 
(Visser et al. 1992), peanut (Murthy et al. 1995), mustard (Guo et al. 2005), and 
broccoli (Ravanfar et  al. 2014). Ravanfar et  al. (2014), Kumar and Srivastava 
(2015a), and Kumar et al. (2015b) reported that TDZ in an appropriate ratio with 
IAA and NAA increased shoot regeneration from hypocotyl and cotyledon explants 
of broccoli. However, according to Ravanfar et al. (2009, 2011), BAP showed maxi-
mum shoot regeneration response from hypocotyl and cotyledon explants with or 
without NAA in broccoli cv. Green Marvel. This varied response of plant growth 
regulators in evoking morphogenic response is either due to genotypic differences 
or plants reacting differently during in vitro organogenesis. Different factors such as 
source and age of explant, genotype, culture conditions, physical environment, and 
concentration of plant growth regulators used affect the adventitious shoot regen-
eration frequency (Achar 2002; Huang et al. 2011).

The effects of source of explants, i.e., donor seedlings, on shoot regeneration 
from hypocotyl, cotyledon, and leaf have been reported in various species (Srivastava 
et al. 1989, 1991a, b; Sharma et al. 2014). In most Brassica species, efficient shoot 
regeneration depended on explant age (Rani et  al. 2013). Young explants gave 
higher regeneration response than older explants (Chakrabarty et al. 2002; Sharma 
et  al. 2012, 2014). In the present study, we report on the high-frequency shoot 
regeneration ability of different explants of broccoli (Brassica oleracea L. var. ital-
ica cv. Solan green head) using TDZ.

21.2  Materials and Methods

21.2.1  Plant Material

The certified seeds of broccoli cv. Solan green head were obtained from the 
Department of Vegetable Science of Dr. Yashwant Singh Parmar University of 
Horticulture and Forestry, Nauni, Solan (HP). The seeds of broccoli were thor-
oughly washed under running tap water and teepol and were soaked for half an hour. 
Seeds were surface sterilized with 0.1% mercuric chloride (HgCl2) for 1.5 min and 
then thoroughly washed (three to four times) with sterilized distilled water under 
laminar air flow chamber. The seeds were then inoculated on MS half strength basal 
medium containing 0.5% sucrose. The pH of the medium was adjusted to 5.8 before 
sterilization. The culture tubes inoculated with seeds were then covered with carbon 
paper in order to maintain the dark condition for seed germination and kept in cul-
ture room at 26 ± 2 °C temperature.
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21.2.2  Source of Explants

Cotyledon and hypocotyl explants were excised from 10- to 12-day-old in  vitro 
grown seedlings, and petiole and leaf explants were excised from 18 to 20 days 
in vivo grown seedlings of broccoli. Leaf and petiole explants were surface steril-
ized with 0.1% mercuric chloride (HgCl2) for 1.5 min and then thoroughly washed 
(three to four times) with sterilized distilled water under laminar air flow chamber. 
All the four explants were used for plant regeneration studies in broccoli.

21.3  Nutrient Medium

21.3.1  Murashige and Skoog’s Medium

Nutrient medium and concentration of plant growth regulators for the optimum 
growth and differentiation of cells and tissues in vitro may vary with species or 
cultivar. Even the tissues from different parts of the same plant may have different 
nutritional requirements, and different concentrations of plant growth regulators 
may be required by them for optimum plant growth and differentiation. MS salts 
(macro and micro), vitamins supplemented with 100 mg/l mesoinositol, 3% sucrose, 
and 0.8% agar-agar were used as basal medium (Murashige and Skoog 1962). 
Different concentrations and combinations of TDZ alone, TDZ and adenine, TDZ 
and IAA, and TDZ and NAA were used in MS medium for in vitro plant regenera-
tion experiment. The pH of the medium was adjusted to 5.8 with the help of 0.1N 
NaOH and 0.1N HCl before adding agar-agar. The medium was poured in culture 
vessels and sterilized by autoclaving at 15 lbs/in.2 for 15–20 min.

21.4  Sterilization of Glasswares and Instruments

All the glasswares were cleaned in a solution of 10% teepol with test tube brush and 
rinsed in tap water. Finally they were rinsed in double distilled water and dried in 
hot dry oven for 3–4 h. Glasswares and instruments such as flasks, petri dishes, 
beakers, test tubes, scalpels, forceps, filter assembly, etc. were wrapped with paper/
plugged with cotton plug and sterilized at 15 lbs/in.2 for 15–20 min.

21.5  Culture Conditions

All the aseptic manipulations were carried out under laminar air flow chamber. 
Laminar flow was presterilized with ultraviolet light for 15  min, and sterilized 
instruments were used for inoculation. Defined precautions were taken to maintain 
aseptic conditions inside the cabinet. After inoculation of explants, all the culture 
vessels were kept in culture room at 26 ± 2 °C under 16 h of photoperiod.
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21.6  Plant Regeneration in Broccoli cv. Solan Green Head

21.6.1  Shoot Regeneration from Hypocotyl and Cotyledon 
Explants

Hypocotyl and cotyledon explants were excised from aseptically grown 10–12-day- 
old seedlings and cut into 0.5–1.0 cm pieces and inoculated on MS medium with 
varying concentrations and combinations of TDZ, TDZ + NAA, TDZ + adenine, 
and TDZ + IAA (Table 21.1) to obtain efficient shoot regeneration. For every com-
bination of five flasks with five explants, each was inoculated and all the experi-
ments were repeated thrice. Observations were taken at 7-day interval till shoot 
regeneration. Explants were evaluated for percentage shoot regeneration with mean 
number of shoot per explant.

21.6.2  Shoot Regeneration from Leaf and Petiole Explants

Leaf and petiole explants were excised from glasshouse-grown 18–20-day-old 
seedlings and surface sterilized. The explants were cut into small pieces (0.5–1 cm), 
and their surface was gently tapped with the scalpel blade to injure them. These 
explants were cultured on MS medium containing different combinations and con-
centrations of TDZ, TDZ + NAA, TDZ + adenine, and TDZ + IAA (Table 21.1) to 
obtain highly efficient shoot regeneration. For every combination of five flasks with 
five explants, each was inoculated and all the experiments were repeated thrice. 
Observations were taken at 7-day interval till shoot regeneration. Explants were 
evaluated for percentage shoot regeneration with mean number of shoot per explant.

Table 21.1 Different concentrations and combinations of TDZ (thidiazuron) alone, TDZ and 
adenine, TDZ and NAA, and TDZ and IAA used in medium (MS) for efficient shoot regeneration 
from hypocotyl, cotyledon, petiole, and leaf explants of broccoli cv. Solan green head

Medium (MS) with different concentrations and combinations

TDZ (μM)
TDZ (μM)  
and adenine (mM)

TDZ (μM)  
and NAA (μM)

TDZ (μM)  
and IAA (μM)

0.25 0.25 + 0.59 0.25 + 0.107 0.25 + 0.5
0.5 0.5 + 0.59 0.5 + 0.107 0.5 + 0.5
0.75 0.75 + 0.59 0.75 + 0.107 0.75 + 0.5
1.0 1.0 + 0.59 1.0 + 0.107 1.0 + 0.5
1.25 1.25 + 0.59 1.25 + 0.107 1.25 + 0.5
1.5 1.5 + 0.59 1.5 + 0.107 1.5 + 0.5
1.75 1.75 + 0.59 1.75 + 0.107 1.75 + 0.5
2.0 2.0 + 0.59 2.0 + 0.107 2.0 + 0.5
2.5 2.5 + 0.59 2.5 + 0.107 2.5 + 0.5
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21.6.3  Root Regeneration from In Vitro Developed Shoots 
and Development of Complete Plantlets

For rooting, the regenerated shoots obtained from cultured explants (hypocotyl, 
cotyledon, leaf, and petiole) were transferred to root regeneration media containing 
MS medium with different concentrations of IAA, NAA, and IBA for root induction 
to get complete plantlets.

21.7  Acclimatization of In Vitro Regenerated Plantlets

21.7.1  Washing of Roots

After proper in vitro plantlet regeneration with well-developed root and shoot sys-
tem, the plantlets were taken out of the tubes carefully so that there would be no 
damage to the root system. For removing adhering medium, roots were washed 
gently under running tap water. After that, plantlets were kept in running tap water 
for a few minutes so that they do not wilt after transfer to soil. The plantlets were 
treated with 0.5% Bavistin for 3–4 min.

21.7.2  Planting in Cocopeat Mixture

In vitro regenerated plantlets were transferred to the cocopeat mixture which was 
sterilized by autoclaving at 15 lbs/in.2 for 30 min at 121 °C (after sterilization of the 
cocopeat mixture, the pots were filled with this mixture). After transfer, the plantlets 
were watered with 0.5% Bavistin solution and covered with polythene bags. The 
plantlets were watered daily in order to maintain relative humidity.

21.7.3  Planting in Potting Mixture

The plantlets from cocopeat were transferred to pots, which contain presterilized 
potting mixture {consisting of sand +  soil + FYM (1:1:1)}. The potted plantlets 
were kept under varying conditions of light intensity and humidity and observed for 
growth/survival.

21.8  Statistical Analysis

The data recorded for the different parameters were subjected to “completely ran-
domized design.” Each experiment was repeated thrice and each treatment consisted 
of at least 30 explants. The statistical analysis based on mean values per treatment 
was made using analysis of variance of CRD (Gomez and Gomez 1984).
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21.9  Results

21.9.1  Efficient Shoot Regeneration from Hypocotyl 
and Cotyledon Explants Using Thidiazuron

The hypocotyl and cotyledon explants were cultured on supplemented MS medium 
with varying concentrations of TDZ alone, TDZ  +  adenine, TDZ  +  NAA, and 
TDZ +  IAA for multiple shoot regeneration response. During the initial days of 
culture, the explants began to expand and swell. After 1 week of culturing, cotyle-
don explants showed initial expansion, whereas hypocotyl explants showed swell-
ing at their margins. After 2  weeks, callus initiation occurred at the cut ends in 
hypocotyl explants, whereas in cotyledon explants, callus initiation was observed in 
between second and third weeks of culturing. In case of cotyledon explants, shoot 
initiation was observed after 6 weeks of culturing, whereas in hypocotyl explants, 
shoot initiation was recorded between 27 and 30 days. After 7–8 weeks, significant 
differences were recorded among the treatments for percentage of explants forming 
shoots. Multiple shoot regeneration response (95.92%) with mean number of shoots 
(4.28) from the treatment containing 2.0 μM TDZ and 0.5 μM IAA was observed in 
case of cultured hypocotyl explants. Meanwhile, for cotyledon explants, maximum 
percent shoot regeneration (88.88%), with average number of shoots (3.46) per 
explants, was recorded from the treatment containing 2.0 μM TDZ and 0.59 mM 
adenine (Kumar and Srivastava 2015a).

Kumar and Srivastava (2015a) reported that total of 36 combinations of plant 
growth regulators with different concentrations and combinations were used for 
efficient shoot regeneration studies. Out of nine concentrations of TDZ used, maxi-
mum percent shoot regeneration (81.11%) with average number of shoots (4.22) per 
explants was observed on MS medium with 1.5 μM TDZ, in case of hypocotyl 
explants, whereas in cotyledon explants, average number of shoots (1.51) per 
explant with 53.33% shoot regeneration was observed on MS medium with 0.5 μM 
TDZ. From nine different combinations of TDZ and adenine, the hypocotyl explants 
showed high-frequency shoot regeneration (91.10%) with highest mean number of 
shoots (4.15) with 0.5  μM TDZ and 0.59  mM adenine treatment combination. 
However, in the case of cotyledon explants, maximum shoot regeneration response 
was (88.88%) with highest mean number of shoots (3.46) with 2.0 μM TDZ and 
0.59 mM adenine treatment combination. Out of nine different concentrations and 
combinations TDZ  +  IAA, hypocotyl explants gave maximum shoot induction 
(95.92%) with average number of shoots (4.28) from treatment 2.0 μM TDZ and 
0.5 μM IAA (Table  21.2). Whereas, in cotyledon explants, callus initiation was 
observed after 2  weeks of culturing and callus proliferation after 25–28  days of 
culturing. There was no shoot or root differentiation was recorded from callus even 
after 8 weeks of culturing. From nine different concentrations and combinations 
TDZ + NAA, maximum percent shoot regeneration (51.10%) with mean number of 
shoots (1.94) per explant was recorded from the treatment 0.5  μM TDZ and 
0.107 μM NAA; in case of hypocotyl explants and for cotyledon explants, 83.33% 
shoot regeneration with 2.86 mean number of shoots per explant was observed.
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21.9.2  Efficient Shoot Bud Differentiation from Leaf and Petiole 
Explants Using Thidiazuron

In the present study, completely green, young, and tender petiole and leaf explants 
were used from in vivo grown seedlings for multiple shoot induction. After 1 week 
of culturing, explants began to expand, and callus proliferation was observed after 
3  weeks of culturing for both (petiole and leaf) explants. Significant differences 
were observed among the treatments for percentage of explants forming shoots after 
7–8 weeks of culturing. Maximum shoot regeneration response was achieved using 
nine different concentrations and combinations of TDZ + NAA for both (petiole and 
leaf) explants. Petiole explants gave highest percent shoot regeneration (91.55%), 
with highest mean number of shoots (4.22) per explant from 2.0 μM TDZ + 0.107 μM 
NAA treatment combination (Table 21.2), whereas in case of leaf explants, maxi-
mum percent shoot regeneration (89.25%) with average number of shoot (3.34) per 
explant was resulted from the treatment containing 1.0 μM TDZ and 0.107 μM 
NAA (Kumar et al. 2015b).

A total of 36 combinations of plant growth regulators with varying concentra-
tions for shoot regeneration have been reported (Kumar et al. 2015b). From nine 
different concentrations of TDZ used, maximum percent shoot regeneration 
(72.59%) with average number of shoots (2.19) per explant was recorded from the 
treatment 1.75 μM TDZ in cultured leaf explants, whereas in the case of petiole 
explants, the highest mean number of shoots per explant was 1.57 with 70.74% 
shoot regeneration and was recorded from the treatment 2.0 μM TDZ. From nine 
different combinations of TDZ and adenine, the petiole explants showed maximum 
shoot regeneration response (77.29%) with average number of shoots (2.66) from 
1.5 μM TDZ + 0.59 mM adenine treatment combination. However, in the case of 
leaf explants, multiple shoot induction response was 67.40%, with average number 
of shoots (1.71) per explant from 2.5 μM TDZ + 0.59 mM adenine treatment com-
bination. Kumar et al. (2015b) reported significant differences in the shoot regen-
eration potential for nine different combinations of TDZ + IAA used. In cultured 
leaf explants, medium supplemented with different concentrations of TDZ + IAA 

Table 21.2 Best medium for efficient shoot regeneration from hypocotyl, cotyledon, petiole, and 
leaf explants of broccoli cv. Solan green head

Explant 
used MS medium

Mean number of shoots/
explant

Percent shoot 
regeneration

Hypocotyl 2.0 μM TDZ + 0.5 μM IAA 4.28 ± 0.169 95.92 ± 0.37

Cotyledon 2.0 μM TDZ + 0.59 mM 
adenine

3.46 ± 0.234 88.88 ± 1.78

Leaf 1.0 μM TDZ + 0.107 μM 
NAA

3.34 ± 0.041 89.25 ± 0.373

Petiole 2.0 μM TDZ + 0.107 μM 
NAA

4.22 ± 0.06 91.55 ± 0.924

Source: Kumar and Srivastava (2015a) and Kumar et al. (2015b)
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(1.25, 1.5, 1.75, 2.0, 2.5 μM) did not produce any shoots. Callus initiation was 
observed after 3 weeks of culturing and callus proliferation occurred after 4 weeks 
of culturing, but there was no shoot or root differentiation from callus even after 
8 weeks of culturing. However, petiole explants gave multiple shoot regeneration 
response (85.18%), with highest mean number of shoots (2.72) per explant from 
1.75 μM TDZ and 0.5 μM IAA treatment combination.

21.10  Rooting and Acclimatization

For root induction, three different types of auxins were tried in medium (MS) from 
in vitro developed shoots. The presence of 0.10 mg/l NAA in nutrient medium pro-
moted the early root regeneration, and high-frequency (100%) root regeneration 
was recorded. The in vitro regenerated complete plantlets were successfully accli-
matized on cocopeat, and 80% survival of plants was observed during acclimatiza-
tion. A protocol for plant regeneration from cotyledon, hypocotyl, petiole, and leaf 
explants has been optimized in broccoli cv. Solan green head.

21.11  Discussion

In the present investigation, 10–12-day-old aseptically in vitro grown seedlings (for 
cotyledon and hypocotyl explants) and 18–20-day-old in  vivo glasshouse-grown 
seedlings (for petiole and leaf explants) were used for plant regeneration studies. 
Among earlier findings, the effects of age of donor seedlings (explants source) on 
shoot induction from different explants such as cotyledon, hypocotyl, petiole, and 
leaf have been studied in various species (Srivastava et al. 1991a, b; Kumar and 
Srivastava 2016a, b). Similarly in Brassica species, also the effect of age of donor 
explants has been reported (Chen and Hou 2008; Deng-Xia et  al. 2011; Sharma 
et al. 2014; Gambhir 2014; Gaur 2015). Dong and Jia (1991) have reported that 
young tender 5-day-old cotyledons were more responsive for multiple shoot induc-
tion, whereas in cotyledonary explants from seedlings older than 7  days, shoot 
regeneration frequency dropped sharply. Eisner et  al. (1992) obtained best result 
with 5- to 7-day-old hypocotyls. Choi et al. (1996) reported that cotyledon explants 
from 10-day-old seedlings were not responsive and also reported that explants 
became more competent as the age of the source seedlings increased up to 8 days. 
Kumar and Srivastava (2015a, 2015b) and Kumar et al. (2015a, b) have reported 
high-frequency shoot regeneration with mean number of shoots per explant using 
completely green fully expanded hypocotyl and cotyledon explants which were 
greenish in color and turgid in nature and young tender completely green petiole 
and leaf explants. A promising explanation is that young explants are physiologi-
cally and biochemically more active as they have less rigid cell wall and are easily 
affected by the environmental factors such as exogenous plant growth regulators.
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In this study, cotyledon, hypocotyl, petiole, and leaf were used as explants, but 
hypocotyl was found best for shoot regeneration and multiplication as compared to 
other explants (Fig. 21.1).

Petrova and Antonova (1996), Sharma and Srivastava (2013), and Sharma et al. 
(2014) have reported that hypocotyls were more responsive than cotyledons, whereas 

Seeds

Seedlings (10-12 days old)

Hypocotyl segments

Callus formation (after 13-15 days)

Shoot initiation (after 27-30 days)

Excised hypocotyl segments

of about 0.5–1.0cm  

Cultured on shoot regeneration

TC8 medium (MS basal medium

+ 2.0 µM TDZ + 0.5 µM IAA)  

Maintained on the same medium 

Sterilized with 0.1% HgCl2 and

germinated in vitro half strength

MS basal with 0.5% sucrose  

Elongation of shoots (2-3cm) on same medium

Root regeneration (after 7-9 days)

Elongation of roots and formation of complete plantlets

Transferred to root regeneration

medium (MS basal medium+

0.10 mg/l NAA)  

Kept for 22-25 days 

Transferred to plastic cupscontaining

mixture of sterilized cocopeat 

Fig. 21.1 Flowchart 
depicting optimized 
protocol for in vitro plant 
regeneration from 
hypocotyl explants in 
broccoli cv. Solan green 
head
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Arora et al. (1996) found that cotyledons produced shoots in much closer time than 
hypocotyls. Qin et al. (2006) have observed cotyledon was more responsive in com-
parison to hypocotyl explants, whereas Ravanfar et al. (2009) reported that hypocotyl 
promising explants for shoot regeneration in broccoli. Chen and Hou (2008) reported 
that the regeneration frequency of cotyledon and petiole was the highest among dif-
ferent explants types. Cheng et  al. (2001) observed that among different explants 
tested, young internodal segments and hypocotyls from in vitro shoots were the most 
regenerative. According to Lim et  al. (1998), hypocotyl explants revealed better 
shoot regeneration response as compared to petiole and cotyledon explants. Pavlovic 
et  al. (2010) have observed highest percentage of shoot formation in hypocotyl 
explants as compared to root and cotyledon explants in all Brassica oleracea L. vari-
eties. Seedling hypocotyls were preferred for regeneration of plants by Ravanfar 
et  al. (2009, 2011), Yang et  al. (2010), Huang et  al. (2011), Sharma et  al. (2012, 
2014), Kumar and Srivastava (2015a, b), and Kumar et al. (2015a, b).

TDZ (thidiazuron) was used in MS medium for efficient shoot regeneration stud-
ies. Thidiazuron, a heterocyclic phenyl urea (N′-phenyl-N′-1,2,3-thidiazol-5-ylurea, 
TDZ), has gained significance as effective plant growth regulator (PGR) for in vitro 
plant regeneration studies in large number of crops (Guo et al. 2005; Ravanfar et al. 
2014; Kumar et al. 2015a, b). Thidiazuron biological properties were reported qual-
itatively similar to cytokinin (Mok et al. 1982) and effective in in vitro plant regen-
eration studies in different recalcitrant species (Liu et al. 2003; Mithila et al. 2003). 
The efficacy of TDZ with different concentrations and combinations was tested for 
enhancing shoot regeneration frequency from broccoli cv. Solan green head explants 
(cotyledon, hypocotyl, petiole, and leaf). Different explants responded in vitro with 
different regeneration frequencies. Different published reports for in vitro regenera-
tion in Brassica species whether they include genetic transformation step or not are 
based on TDZ and found to be very efficient for enhancing the frequency of shoot 
regeneration (Christey et al. 1997; Henzi et al. 2000; Cheng et al. 2001; Lu et al. 
2003; Jonoubi et  al. 2005; Chen and Hou 2008; Song et  al. 2012; Kumar and 
Srivastava 2015a; Kumar et al. 2015b).

In the present investigation, TDZ was reported to be superior in promoting shoot 
regeneration frequency from cotyledon, hypocotyl, petiole, and leaf explants in 
broccoli. Maximum (95.92%) percent shoot regeneration from hypocotyl explants 
followed by petiole (91.55%), leaf (89.25%), and cotyledon (88.88%) was opti-
mized on different media supplemented with TDZ during the present study. The 
obtained results were in accordance with results obtained by Cheng et al. (2001) and 
Lu et al. (2003). Hypocotyl explants gave better result on MS medium containing 
TDZ as compared to BA.  The regeneration frequency reached 98.80% on MS 
medium containing 0.25 mg/l TDZ + 0.5 mg/l NAA + 5.0 mg/l AgNO3. Whereas 
Chen and Hou (2008) reported the percent regeneration of petiole with cotyledon 
explants was highest in MS medium containing 0.5  mg/l TDZ  +  0.5  mg/l 
NAA + 7.5 mg/l AgNO3, Ravanfar et al. (2014) observed that in cotyledon explants, 
TDZ with NAA increased shoot formation in broccoli cv. Green Dragon King. In 
present studies, cotyledon and leaf explants showed less or no shoot regeneration, 
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when supplemented with different concentrations of TDZ and IAA. Similar results 
were reported by Gambhir (2014) and Gaur (2015) in cabbage and cauliflower.

Media and its constituents play significant role in the in vitro plant regeneration 
studies in different plant species. Most commonly used medium in plant regeneration 
studies is MS medium (Murashige and skoog 1962); however, other different kinds 
of media had been used by various researchers. Linsmaier and Skoog (LS) media 
were used by Christey and Earle (1991) for regeneration from peduncle explants and 

Fig. 21.2 (a) High-frequency in vitro shoot regeneration from hypocotyl explants. (b) Multiple 
shoot induction response from cotyledon explants. (c) Efficient shoot regeneration from leaf 
explants. (d) Multiple shoot regeneration from petiole explants. (e) In vitro regenerated plantlets 
with well-developed root and shoot system. (f) Successful acclimatization of regenerated plantlets 
(Source: Kumar and Srivastava 2015a; Kumar et al. 2015b)
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shoot regeneration frequency in their study varied from 41% to 98%. Effect of MS 
medium was compared with mMS (supplemented with organic supplement PG-96) 
and found effective than that of simple MS medium by Qin et al. (2006). In our study 
MS medium was used for carrying out the plant regeneration studies and was found 
effective in inducing high percent shoot regeneration (Fig. 21.2).

Three different auxins (IBA, NAA, and IAA) were tested for the efficient root 
regeneration from in vitro developed shoots. Among the three auxins, after 3 weeks 
of culturing, the 100% root regeneration response with well-developed healthy and 
vigorous roots was observed on MS medium with 0.10 mg/l NAA. Ravanfar et al. 
(2009) and Sharma et al. (2014) reported that rooting medium with IBA was most 
promising for root regeneration. However, it was also reported that root induction 
was highly genotype-dependent rather than supplemented auxins (NAA, IAA, or 
IBA) (Arinson et al. 1990; Vandemoortele et al. 1999). After rooting, plantlets were 
successfully acclimatized and recorded with 80% survival rate. The grown plants 
were morphologically uniform, and no obvious variation in appearance was observed.

21.12  Conclusion

The present study showed that TDZ was efficient in high-frequency plantlet regen-
eration responses from broccoli cultivar “Solan green head” explants. Finally it is 
concluded that hypocotyl was better explants than petiole, cotyledon, and leaf as 
they showed high percent shoot regeneration with mean number of shoots per 
explant and high multiplication rate. Shoot regeneration and root regeneration were 
comparatively early in hypocotyls as compared to other three explants. This stan-
dardized protocol can be satisfactorily exploited for genetic engineering purposes 
using different agronomically important traits.
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Abstract
Thidiazuron (C9H8N4OS) is one of the most effective substituted phenylureas 
that has been examined for cytokinin-like activity in plant tissue cultures. A wide 
range of physiological responses were ascertained in response to TDZ applica-
tion in several plant species. Apart from its cytokinin-like activity, TDZ has been 
steered to modulate the endogenous auxin levels. However, it remains to be 
resolved whether it possesses an auxin activity or if it is concerned with auxin 
metabolism. It induces numerous morphogenic responses, starting from tissue 
proliferation to induction of shoot buds and somatic embryos. It has been shown 
to promote shoot regeneration expeditiously than that of other cytokinins, and 
organized centers of growth are attained at much lower concentrations. Other 
prospects embody modification in cell membrane, energy levels, nutrient absorp-
tion, transport, assimilation, etc. TDZ exhibits the distinctive property of mim-
icking both auxin and cytokinin effects on growth and differentiation of cultured 
explants, though structurally it is different from either auxins or purine-based 
cytokinins. The effectiveness of TDZ as an inductive chemical for ontogenesis is 
not restricted to tissue culture systems, and the regeneration is settled in vivo 
further. During this review, many recently revealed studies on characterization of 
TDZ-induced in vitro regeneration are bestowed and mentioned.
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22.1  Introduction

Plant tissue culture technique is the culture of plant cells, tissues, or organs under 
specific in vitro conditions to create a great number of true-to-type plants in short 
time using assorted starting plant material through phases of explant selection and 
preparation, culture establishment, regeneration, and acclimatization of the plantlets 
to ex vitro conditions (George 2008). The technology is progressing in applications 
for clonal propagation of medicinal, horticultural, agronomic crops, and forest trees. 
Many factors influence in vitro response of plants including the selected explant to 
be cultured; physiological state of the explant, juvenile or mature state; genotype; 
the health status of the explant; and culture media (Lee 2004; Kane 2005). The cho-
sen explant for in vitro studies needs physiological adjustment to the culture condi-
tions so as to achieve enhanced clonal multiplication and for the cultivated plant to 
accomplish physiological stability, and recurrent subculture to fresh media is neces-
sary as medium nutrients get exhausted over time (Lee 2004; Kozai and Xiao 2006). 
The capacity to regenerate the entire plant from cultured somatic cells, tissue, or 
organ has been known for several decades; however, the problem of how the cul-
tures differentiate into a whole plant and various physiological and anatomical fea-
tures of the regenerated plants and during transfer to field conditions is still being 
studied by many research groups (Skoog and Miller 1957; Pospisilova et al. 1999; 
Vogel 2005; Jariteh et al. 2015). Manipulation of the in vitro development of plants 
is of paramount and applied interest as it proffers a model to portray developmental 
stages at genomic and proteomic levels and also offers potential to rejuvenate plants 
for increased propagation (Lee 2004; Moyo et al. 2015). A profound understanding 
of the in vitro plant development, the morphophysiology, as well as stress physiol-
ogy mechanism and potential for acclimatization to ex vitro environment are of 
significance in foreseeing and enhancing the survival rate of plantlets during the 
in  vitro culture conditions and acclimatization stages (Pospisilova et  al. 1999; 
Cassells and Curry 2001; Moyo et al. 2015).

The two primary morphogenic pathways leading to whole plant regeneration – 
which is a prerequisite for most plant breeding, genetic, and transgenic applications 
of in vitro biology – involve either somatic embryogenesis or shoot organogenesis 
followed by root organogenesis. Both developmental pathways can occur either 
directly without a callus intermediate stage, termed adventitious, or indirectly fol-
lowing an unorganized callus stage, termed de novo (Gamborg and Phillips 1995). 
Few plant species have been shown to regenerate by both organogenic and somatic 
embryogenic pathways, but many plant species can regenerate by one or the other 
of these pathways (Phillips 2004). Plant cells can be maintained for extended peri-
ods in the apparent absence of all known plant hormones; it seems safe to conclude 
that no hormone is essential just to maintain the viability of plant cells (Davies 
1995). However, the auxins and cytokinins are very important for proper growth and 
maintenance of culture. Indole-3-acetic acid (IAA) is a major naturally occurring 
auxin, which is widely reported in plant tissue culture and morphogenesis. In addi-
tion to the natural auxin, a whole host of synthetic auxins are known. The most 
widely used are α-naphthalene acetic acid (NAA) and 2,4-dichlorophenoxyacetic 
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acid (2,4-D). The natural cytokinins are a series of adenine molecules modified by 
the addition of 5-carbon side chains of the sixth position. About 50 years ago, Skoog 
and Miller (1957) described the controlled organ regeneration in plants; however, 
developmental biologists were surprised by the unbelievable capacity of plant tis-
sues to regenerate the whole plants (concept of totipotency). The capacity of cul-
tured plant tissues and cells to undergo morphogenesis, resulting in the formation of 
discrete organs or whole plants, has provided opportunities for numerous applica-
tions of in vitro plant biology in studies of basic botany, biochemistry, propagation, 
breeding, and development of transgenic crops.

Thidiazuron (TDZ, 1-phenyl-3-(1,2,3-thiadiazol-5-yl) urea) with molecular for-
mula C9H8N4OS and molecular mass 220.25  g/mol is a light yellow crystalline 
chemical that is sparingly soluble in water, but highly soluble in ethanol and at vary-
ing levels in other organic solvents such as acetone, benzene, DMSO, etc. 
(Table 22.1, Fig. 22.1). Ethanol is the preferred solvent in using TDZ for in vitro 
studies. TDZ was manufactured by the German Schering Corporation for defolia-
tion of cotton (Gossypium hirsutum) (Arndt et al. 1976). The defoliating property of 

Table 22.1 Physical and chemical properties of thidiazuron

Character Description
Color Light yellow crystals
Odor Odorless
Trade name DROPP
IUPAC name 1-Phenyl-3-(1,2,3-thiadiazol-5-yl) urea
Molecular formula C9H8N4OS
Molecular weight 220.25 g/mol
Melting point 210.5–212.5 °C
Vapor pressure 2.30 × 10–11 mmHg at 25 °C
pH 6.50 at 20 °C
Dissociation constant pKa = 8.86
Storage Dry conditions
Purity ≥98%
CAS number 51707-55-2

Source: Pub Chem; URL: https://pubchem.ncbi.nlm.nih.gov

Fig. 22.1 Structure of 
thidiazuron
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TDZ is restricted to a few species belonging to the Malvaceae family (Grossmann 
1991; Zubkova et al. 1991). Thidiazuron induces abscission of cotton leaves, char-
acteristically without the breakdown of chlorophyll or any alteration in the leaf 
water potential (Grossmann 1991).This chemical has now emerged as a highly effi-
cacious bioregulant of morphogenesis in tissue culture of a diverse array of plant 
species, and the culture responses range from induction of callusing to the forma-
tion of somatic embryos. There are two functional groups in TDZ molecule, viz., 
phenyl and thiadiazol groups, and replacement of any of these groups with other 
ring structures results in the reduction in activity. A wide range of physiological 
responses were observed in response to TDZ application in different plant species. 
Examples of the diversity of physiological effects mediated by TDZ include 
enhanced seed germination in lettuce (Baskakov et al. 1981), substitution of chilling 
requirement for seed germination in Pyrus sp. (Lin et  al. 1994), accelerated bud 
break in apple (Wang et al. 1986), stimulation of sprouting in potato (Ji and Wang 
1988), cotyledon growth in pumpkin (Burkhanova et  al. 1984), formation of 
branched trichomes and stomata on floral organs (Venglat and Sawhney 1994), and 
increased cluster and berry weight in grapes (Reynolds et  al. 1992). TDZ has 
revealed both auxin- and cytokinin-like effects, though, chemically, it is totally dif-
ferent from frequently used auxins and cytokinins. A number of physiological and 
biochemical responses in cells are likely to be influenced by TDZ, but these may or 
may not be directly related to the induction of morphogenesis. Reports showed that 
TDZ may modify endogenous plant growth regulators, either directly or indirectly, 
and produce reactions in cell/tissue necessary for its division/regeneration. Other 
possibilities include the modifications in cell membrane, energy levels, nutrient 
absorption, transport, assimilation, etc. (Guo et al. 2011). The precise mechanism of 
action of TDZ is explained by two hypotheses: It is possible that TDZ directly pro-
motes growth due to its own biological activity in a fashion similar to that of N6- 
substituted cytokinins, or it may induce the synthesis and (or) accumulation of 
endogenous cytokinins (Mok and Mok 1985). The latter notion is based on the 
effects of the high ability of TDZ in inducing cytokinin-dependent shoot regenera-
tion and modulation of endogenous levels of cytokinins.

In vitro propagation of plants is widely used, quickly obtaining a large number 
of identical plants, with phytochemical and sanitary quality (Sivanesan et al. 2010). 
For the success of an in vitro culture, protocols specific to each species are neces-
sary, using different culture media, salt concentrations, and plant growth regulators. 
Thidiazuron (TDZ) is widely used in tissue culture and promotes cell division and 
elongation (Murthy et al. 1998). It operates in the regeneration and proliferation of 
meristems and, in combination with other regulators, can be used for the formation 
and maintenance of callus (Kokotkiewicz et  al. 2012). It was proved that TDZ, 
unlike traditional phytohormones, individually fulfilled the requirements of various 
regenerative responses of many different plant species. The morpho-regulatory 
potential of TDZ has led to its application in plant tissue culture for the development 
of feasible morphogenetic systems. High intrinsic activity (economic factor) cou-
pled with stability against heat (ease of use) and enzymes renders TDZ a choice 
chemical for establishing regenerable tissue culture systems (Mok and Mok 1985). 
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TDZ has been successfully used for the propagation of several plants where the 
increase in the number and length of shoots is observed when there is an increase in 
concentrations of the regulator (Ahmed and Anis 2012; Grabkowska et al. 2014). 
Further advantage observed in the use of TDZ on proliferation of plants is the main-
tenance of genetic stability, important for obtaining plants true-to-type and germ-
plasm conservation (Faisal et al. 2014). In this review, several recently published 
studies on characterization of TDZ-induced in vitro regeneration are presented and 
discussed.

22.2  TDZ-Mediated Organogenesis

22.2.1  Stevia rebaudiana

Stevia rebaudiana Bertoni, a member of Asteraceae family which is indigenous to 
certain regions of South America-Brazil and Paraguay, is one of the important anti-
diabetic medicinal herbs. The compounds in its leaves, stevioside and rebaudioside, 
taste about 300 times sweeter than sucrose. It is used as sweetening agent and has 
enormous commercial importance. Its other medicinal uses include regulating blood 
sugar, preventing hypertension and tooth decay, and treatment of skin disorders. 
Stevia also has healing effect on blemishes, wound cuts, and scratches, besides 
being helpful in weight and blood pressure management. Conventional propagation 
in this plant is restricted due to the poor seed viability coupled with very low germi-
nation rate. Role of vegetative propagation method is also limited as specific habitat 
conditions are mandatory to grow the plants in addition to low acclimatization rate 
in soil. A suitable alternative method to prepare sufficient amount of plants within 
short time duration is the use of in vitro cultures. An efficient high frequency plant 
regeneration protocol through direct organogenesis was successfully developed for 
Stevia rebaudiana Bertoni (Lata et al. 2013). Nodal segments containing axillary 
buds were used as an explant and inoculated on MS (Murashige and Skoog 1962) 
medium containing 3% (w/v) sucrose, 0.8% (w/v) agar supplemented with various 
concentrations of benzyladenine (BA), kinetin (KN), and thidiazuron (TDZ) rang-
ing from 1.0 to 9.0 μM. Maximum multiple shoots (96%) were obtained in MS 
medium supplemented with 1.0 μM TDZ with an average of 60 shoots per culture, 
having an average shoot length of 6.0 cm, whereas BA (9.0 μM) produced a maxi-
mum of 32 shoots with an average shoot length of 2 cm, and KN (9.0 μM) produced 
a maximum of 22 shoots with an average shoot length of 2 cm (Fig. 22.2). It is 
evident that TDZ at very low concentrations was able to produce the maximum 
number of shoots than BA and KN in Stevia rebaudiana. Several reports have stated 
that TDZ results in better shoot regeneration than any other cytokinins (Lata et al. 
2013). According to Capelle et al. (1983), TDZ directly promotes growth due to its 
own biological activities similar to that of an N-substituted cytokinin, or it may 
induce the synthesis and accumulation of an endogenous cytokinin.
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22.2.2  Withania somnifera

Withania somnifera (L.) Dunal, Ashwagandha (Solanaceae), is cosmopolitan 
throughout the drier regions of India up to an altitude of 2000 m in range. It is useful 
in treating iatrogenic malnutrition in kids. In Ayurveda, the roots are prescribed for 
feminine disorders, bronchitis, arthritis, rheumatism, inflammation, central nervous 
system disorders, skin diseases, etc. The shortage of correct cultivation practices, 
the loss of habitats, and the illegal, indiscriminate collection of this plant from its 
natural habit create a heavy threat to its existence in the wild. Moreover, propaga-
tion through seeds is troublesome attributable to low germination percentage. 
Therefore, a protocol was standardized for in vitro regeneration of Withania som-
nifera on TDZ-supplemented medium (Fathima and Anis 2011). The nodal explants 
of Withania somnifera placed on MS basal medium lacking TDZ failed to show any 
morphogenetic response and did not produce shoots even after 6 weeks of incuba-
tion. On the other hand, MS basal medium supplemented with varied concentrations 
of TDZ (0.0–10.0 μM) showed swelling of explants, followed by differentiation of 
shoot bud primordia with different regeneration frequencies. Of the numerous con-
centrations of TDZ tested, 0.5 μM was found to be foremost effective in inducing 
highest percentage regeneration (98%) with the maximum number of shoots (23.8) 
and shoot length (4.83 cm) after 4 weeks of culture (Fathima and Anis 2011). TDZ 
has been used to induce shoot regeneration in several plants including Psoralea 
corylifolia L. (Faisal and Anis 2006) and Cyamopsis tetragonoloba L. (Ahmad and 

Fig. 22.2 Micropropagation of Stevia rebaudiana using nodal segment. (a) Mother plant, (b–c) 
in vitro shoot multiplication, (d–e) rooting, (f) fully rooted plant under acclimatization, (g–i) hard-
ened tissue culture-raised plant, and (j) mature tissue culture-raised plants (Source: Lata et  al. 
2013; Article DOI – https://doi.org/10.4236/ajps.2013.41016)
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Anis 2007). This behavior is believed to be due to the efficiency of TDZ to enhance 
the biosynthesis and accumulation of endogenous adenine-type cytokinins 
(Huettman and Preece 1993), thus creating TDZ as an effective cytokinin for the 
stimulation of shoot buds. In distinction, higher concentration of TDZ (1.0 μM and 
above) suppressed shoot formation during the same week culture period.

22.2.3  Pluchea lanceolata

Pluchea lanceolata is a perennial herb belonging to the family Asteraceae grown in 
warm climatic regions of India and known as Rasana. This plant is prized for its 
anti-arthritic and anti-inflammatory activity. A protocol was standardized for micro-
propagation of P. lanceolata by using nodal explants (Kher et al. 2014). The ability 
of the nodal explants for the bud break varied depending on the plant growth regula-
tors and their concentration. Nodal explants were inoculated onto MS (Murashige 
and Skoog 1962) medium supplemented with 6-benzylaminopurine (BAP), kinetin 
(Kin), thidiazuron (TDZ), and 2iP (2-isopentenyladenine) at varied concentrations 
(0.0, 0.5, 1.0, 1.5, and 2.0 mg dm-3). Shoots developed with all the concentrations 
of cytokinins investigated and bud break occurred after 7–8 days of culture. Nodal 
explants cultured on MS medium augmented with 0.5 mg dm−3 thidiazuron (TDZ) 
exhibited the highest multiplication rate (9.7 shoots/explant). It was observed that in 
the cultures where shoot number was higher, the shoot length remained shorter.

22.2.4  Cannabis sativa

Hemp (Cannabis sativa L.) belongs to the Cannabaceae family. It is an annual herb 
that has been cultivated for the value of its fiber and more recently for paper manu-
facturing, oil extraction, and medicinal or drug preparation. Aseptic shoot tips were 
introduced to MS medium supplemented with different types of cytokinin for aux-
iliary bud induction. The effect of different concentrations of BA, KN, and TDZ on 
shooting response in the shoot tips of hemp was investigated. Among the three cyto-
kinins tested, TDZ (0.2 mg l−1) was found to provide the best bud induction, induc-
ing an average of 3.22 buds with the thickest stem (Wang et al. 2009). Furthermore, 
the type of cytokinin in the medium also affected plantlet morphology, with the 
plantlets grown in TDZ-containing medium being more compact and vigorous. The 
suitability of TDZ for in vitro auxiliary shoot propagation has been well established 
in many woody plant tissue culture (Carl and John 1993) and also determinated in 
many herbage plants (Donna and John 2004).

22.2.5  Gossypium hirsutum

Most cotton Gossypium hirsutum (Malvaceae) genotypes of commercial interest 
present problems of in vitro regeneration. Aiming at improving regeneration rate, 
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meristems and caulinar apices (region with about 5 mm length, immediately below 
the meristematic region) of IAC 22 and COKER 312 cultivars were extracted from 
plants with two or three primordia leaves and grown in Murashige and Skoog (MS) 
medium containing thidiazuron (TDZ), with concentrations ranging between 0.02 
and 5.0 μM, in 3- to 7-day periods, with naphthalene acetic acid (NAA) and gib-
berellic acid (GA3). The number of shoots from meristems was higher in 0.02 μM 
TDZ (5.80 shoots/explant) concentrations. In the case of caulinar apices, best results 
were obtained with 0.5 and 1.0 μM of TDZ (4.08 shoots/explant) (Caramori et al. 
2001).

22.2.6  Curculigo latifolia

The monocotyledonous plant, Curculigo latifolia, commonly known as lemba, is a 
perennial herb belonging to the Hypoxidaceae family and was thought to be natively 
from Malaysia. The plant is known for its sweet proteins, namely, curculin and 
neoculin, that have been proven to be 500–9000  times sweeter than sucrose by 
weight. Curculin which is a good low-calorie sweetener is absorbed by the human 
body and has a great potential for low-calorie sweetener-based industries. Besides 
the industrial and economic importance of C. latifolia, it is also considered as a 
valuable medicinal plant in having anticancer properties and antidiabetic properties 
and inhibiting hepatitis B virus. A procedure was developed for in vitro propagation 
of Curculigo latifolia through shoot tip culture (Babaei et al. 2014). Direct regen-
eration and indirect scalp induction of Curculigo latifolia were obtained from shoot 
tips grown on MS medium supplemented with different concentrations and combi-
nations of thidiazuron and indole-3-butyric acid. Maximum response for direct 
regeneration in terms of percentage of explants producing shoot, shoot number 
(7.52 shoots/explant), and shoot length (2.71  cm) was obtained on MS medium 
supplemented with combination of thidiazuron (0.5 mg l−1) and indole-3-butyric 
acid (0.25 mg l−1) after both 10 and 14 weeks of cultures. Indole-3-butyric acid in 
combination with thidiazuron exhibited a synergistic effect on shoot regeneration. 
The shoot tips were able to induce maximum scalp from basal end of explants on the 
medium with 2 mg l−1 thidiazuron. Cultures showed that shoot number, shoot length, 
and scalp size increased significantly after 14 weeks of culture.

22.2.7  Guizotia abyssinica

Guizotia abyssinica Cass. belonging to family Asteraceae is an herbaceous crop 
with a lot of industrial as well as medicinal importance. The plant oil is good absor-
bent of fragrance of flowers used as base oil by perfume industry. The plant is used 
by the various tribal communities of India in the treatment of rheumatism, arthritis, 
microbial infections applied to treat burns, used for birth control, and treatment of 
syphilis. A simple, efficient, and reproducible regeneration protocol for in  vitro 
propagation of G. abyssinica was established (Baghel and Bansal 2015). Different 
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explants, viz., apical and axillary buds, leaf, and internode, were selected for in vitro 
regeneration study to observe the effect of different concentrations of TDZ. Among 
all the four explants used, apical bud proved best in terms of shoot regeneration and 
multiplication. The variations in the regeneration potential of explants are attribut-
able to the differences in the physiological and genetic makeup of cells. The best 
multiple shoot regeneration (4.44  ±  0.1) was observed on TDZ (0.45  μM)-
supplemented medium. The reason for the better efficacy of apical bud is probably 
the presence of meristematic shoot bud at the already grown shoot tip. But in case 
of nodal explants, new shoot buds from the nodes are needed to be induced through 
purely hormonal control, or in other words, new shoot buds develop after inocula-
tion in the absence of apical dominance. The role of TDZ in inducing regeneration 
is attributed to the ability of TDZ in enhancing the synthesis of adenine-type cyto-
kinins. These results corroborate the fact that TDZ is an effective plant growth regu-
lator for induction of shoot bud regeneration. The possible reason for the higher 
activity of individual TDZ treatment might be its high stability due to its resistance 
to cytokinin oxidase. TDZ-induced regeneration is linked to accumulation and 
transport of certain endogenous signals such as auxins or the related compounds 
like melatonin and serotonin (Jones et al. 2007).

22.2.8  Artemisia vulgaris

Artemisia vulgaris L. (mugwort) belongs to the family Asteraceae and is a tall aro-
matic perennial herb that grows in the hilly district of India in areas up to 2400 m in 
elevation. In traditional medicine, this plant is widely used for the treatment of 
diabetes, and extracts of the whole plant are used for epilepsy and in combination 
for psychoneurosis, depression, irritability, insomnia, and anxiety stress. Mugwort 
is commonly used in traditional European medicine as a choleretic and for amenor-
rhea and dysmenorrhea. The essential oil of the plant was reported to exhibit 90% 
mosquito repellency against Aedes aegypti, a mosquito that transmits dengue and 
yellow fever. An in vitro propagation system for Artemisia vulgaris has been devel-
oped (Sujatha and Ranjitha Kumari 2007). Hypocotyl segments (8–12 mm) excised 
from 10-day-old in vitro-grown seedlings were inoculated vertically on MS medium 
containing 3% (w/v) sucrose, 0.7% (w/v) agar supplemented with different concen-
trations of BA (6-benzyladenine) (0.44–13.32 μM), and TDZ (N-phenyl-N′-(1,2,3- 
thiadiazol- yl) urea) (0.23–11.35  μM) individually for multiple shoot induction 
(Fig. 22.3). The incubation of hypocotyl explants on MS media supplemented with 
BA (4.44 μM) or TDZ (4.54 μM) resulted in organogenic frequencies of 98.6% and 
99.7%. The best organogenic response, including adventitious shoot number and 
elongation, was obtained when hypocotyl segments were cultured onto MS medium 
supplemented with 4.54 μM TDZ. Up to 28 shoots were formed per explant for an 
optimal duration of exposure of 48 days, and the maximum shoot length recorded 
was 9.8 cm. The media containing high concentrations of TDZ (>4.54 μM) decreased 
shooting frequency and shoot elongation.
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22.2.9  Capsicum annuum

Capsicum annuum termed as “hot pepper” forms an important economical crop of 
the family Solanaceae. It acts on the circulation and the digestion and is used to treat 
a wide range of complaints from arthritis and chilblains to colic and diarrhea. An 
efficient protocol for rapid in vitro propagation of Capsicum annuum cv. Pusa Jwala 
through multiple shoot bud formation from cotyledonary node explants of 15-day- 
old aseptic seedlings has been developed (Siddique and Anis 2006). The morphoge-
netic responses of cotyledonary node explant to TDZ alone or in combination with 
IAA were studied. Explants cultured onto a growth regulator-free MS medium 
failed to produce shoots even after 4  weeks of culture. When MS medium was 
supplemented with different concentrations of TDZ (0.1–10.0 μM), multiple shoots 
emerged from cotyledonary node explants after 15 days of culture. TDZ in combi-
nation with IAA at different concentrations induced more shoots per explant 

Fig. 22.3 Shoot multiplication in Artemisia vulgaris L. (a) Shoot initiation from hypocotyl seg-
ments, (b) shoot multiplication, (c) rooting of shoots, (d) hardened plants in plastic cups (Source: 
Sujatha and Ranjitha Kumari 2007; Article DOI https://doi.org/10.1007/s11816-007-0028-1)
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compared to TDZ alone in the investigation. The explants cultured on a medium 
containing TDZ (1.0 μM) produced a maximum of 11.6 shoot buds per explant with 
72.67% regeneration. Optimum shoot differentiation was observed in a media con-
taining TDZ (1.5 μM) and IAA (0.5 μM) after 4 weeks of culture. In this medium, 
the highest regeneration frequency (82.33%) and highest number of shoot buds per 
explant (19.0 ± 0.67) were achieved. At higher levels of TDZ, the number of shoot 
buds and regeneration frequency was reduced considerably, which may possibly be 
due to excessive callus growth while its specific concentration supports the maxi-
mum shoot bud induction.

22.2.10  Rauvolfia serpentina

Rauvolfia serpentina (L.) Benth. ex Kurz. (Apocynaceae) is an endangered medici-
nal plant recognized worldwide. Due to the presence of indole alkaloids and its 
usage as an antihypertensive drug, the demand for this plant has increased manifold 
in the global pharmaceutical industry. An efficient system for in vitro propagation 
of the endangered medicinal plant Rauvolfia serpentina has been developed (Alatar 
2015). In vitro proliferation of shoots is usually promoted by incorporating growth 
regulators into the culture medium. TDZ is being selected for in vitro propagation 
of many plant species because of its tremendous ability to stimulate shoot prolifera-
tion. Compared to most of the other active compounds added to the media, extremely 
low concentrations of TDZ stimulate axillary shoot proliferation of many plant spe-
cies. Proliferation of shoots was achieved from nodal segment explants, excised 
from field grown plants on Murashige and Skoog (MS) medium supplemented with 
thidiazuron (TDZ) (0.1–2.5 μ mol l−1) although with low regeneration response and 
few number of shoots per explant. Greater number of shoots was achieved from 
nodal explants pretreated with higher concentrations of TDZ (5–100 μ mol l−1) in 
liquid MS medium for different time periods (4, 8, 12, and 16 days), followed by 
their transfer on a growth regulator-free medium. The highest response in terms of 
percent regeneration (90%), average number of shoots/explant (23.17 ± 2.15), and 
maximum shoot length (5.3  ±  0.83  cm) was achieved by pretreating the nodal 
explants with 50 μ mol/L TDZ for 8 days. On increasing the concentration of TDZ, 
the number of shoots per explant was reduced. Similarly, at lower concentration, the 
percentages of regeneration as well as the number of shoots were drastically 
reduced.

22.2.11  Kigelia pinnata

Kigelia pinnata is a fast-growing, multipurpose tree used for ornamental and way-
side planting belonging to the family Bignoniaceae. Various parts of the plant are 
employed for medicinal purposes by certain indigenous people. Traditional healers 
in India have used various parts of this plant to treat a wide range of skin ailments, 
from relatively mild complaints, such as fungal infections, boils, and psoriasis, to 
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the more serious diseases like leprosy, syphilis, and skin cancer. Other medicinal 
applications include the treatment of dysentery, ringworm, tapeworm, postpartum 
hemorrhaging, malaria, diabetes, pneumonia, and toothache. An antimalarial com-
pound known as lapachol has been extracted from the root of K. pinnata. Another 
compound obtained from the wood, quinone, shows antimalarial activity against 
drug-resistant strains of Plasmodium falciparum superior to chloroquine and qui-
nine. Conventionally, K. pinnata reproduces via viable seeds, but the low percent-
age of seed viability limits its natural propagation. Thus in vitro propagation of the 
plant was established (Thomas and Puthur 2004). The surface-sterilized nodal seg-
ments were cultured on MS (Murashige and Skoog 1962) medium supplemented 
with various concentrations (1–7 mM) of 2,4-D in a test for callus induction. Callus 
was subcultured onto fresh medium (MS + 3 mM 2,4-D) every 45 days. For multi-
ple shoot induction, calli were transferred to MS medium supplemented with vari-
ous concentrations (0.5–9 mM) of TDZ alone or in combination with NAA (0.5 and 
1 mM). The optimum response in terms of percentage of explants producing shoots 
and the highest number of shoot buds per explant were recorded on MS medium 
supplemented with TDZ (3 mM) and NAA (0.5 mM). On this medium 100% cul-
tures responded with an average 28 shoots per culture. The regenerated shoots 
attained a height of about 2 cm in about 45 days of callus culture.

22.2.12  Solanum tuberosum

Potato is one of the most important widely grown crops and is an integral part of diet 
in the entire world. It produces more protein (524  kg/ha) as compared to wheat 
(254  kg/ha). It also supplies at least 12 essential minerals including Vitamin 
C. Apical shoot explants of Solanum tuberosum L. cvs. Desiree and Cardinal were 
grown on MS (Murashige and Skoog 1962) medium containing three different con-
centrations of TDZ (10−8, 10−9 or 10−10 M). The maximum number of shoots (2.66 
and 2.96) was obtained on MS + TDZ (10−8) in cvs. Cardinal and Desiree, respec-
tively (Sajid and Aftab 2009). The highest number of roots (12.60 and 14.90) and 
nodes (7.90 and 7.20) was observed on MS medium in the two cultivars. The maxi-
mum fresh and dry weight of the plantlets (0.543 g and 0.0524 g) in cv. Cardinal 
was obtained on MS medium containing10−9 M TDZ. In Desiree, the highest fresh 
and dry weights (1.0560 and 0.0965 g, respectively) were observed on MS medium 
containing 10−10 M TDZ.

22.2.13  Morus alba

Morus sp. is an invaluable tree for the sericulture industry as it is the only source of 
food for mori silkworms. Three cultivars of mulberry S-36, S-1, and K-2 were 
selected for in  vitro regeneration experiments (Thomas 2003). Cotyledonary 
explants were cultured 7, 14, and 21 days after embryo culture. Individual cotyle-
dons were excised from seedlings about 1 mm below the cotyledonary node and 
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cultured on MS medium supplemented with 2–9 μM TDZ and BAP. The embryos 
cultured on MS medium supplemented with 5 μM BAP produced well-developed 
cotyledons, hypocotyl, and radicle 7 days after culture. The induction of multiple 
shoots varied with the age of the cotyledons as well as the concentration and type of 
growth regulator used. A significantly greater number of shoots were formed from 
cotyledons of 14-day-old embryos cultured on MS medium containing TDZ and 
BAP compared to 7- and 21-day-old explants. TDZ at different concentration was 
found to induce more shoots per explant as compared to BAP at the same concentra-
tion and explant age. A maximum number of shoots were produced on MS medium 
fortified with 7 μM TDZ. On this medium the 14-days-old explants produced an 
average number of 20.3 shoots per explant in S-36 cultivar. Whereas 7.3 shoots 
were produced in cultivar K-2 followed by 5.6 shoots in cultivar S-1. The shoots 
produced were isolated individually and elongated on MS medium augmented with 
5 μM BAP.

22.2.14  Salvia officinalis

Salvia officinalis L., common sage (family, Lamiaceae), one of the important 
medicinal plant species, is cultivated in several countries mostly to obtain the dried 
leaves to be used as raw material in medicine and perfumery industries. Recent 
research has shown that sage essential oil can recover the memory and has shown 
promise in the treatment of Alzheimer’s disease. It is also used in treating bronchial 
asthma, inflammatory affection, atherosclerosis, cataracts, ischemic heart disease, 
cancer, hepatotoxicity, and insufficient sperm mobility. Conventionally, S. officina-
lis is propagated through seeds; however, in nature, seeds germinate slowly and 
remain dormant for a long time. Alternatively, cutting can be used but low popula-
tion size hampers the process. Therefore, in vitro methods for large-scale multipli-
cation would be a viable option (Jafari et al. 2017). This research was conducted to 
develop an indirect organogenesis regeneration protocol for Salvia officinalis L. via 
callus which was obtained from leaf and internode explants. Among these explants 
internode explant gave best callus induction on MS medium supplemented with 
0.5 mg/l 6-benzylaminopurine (BAP), 2.0 mg/l α-naphthalene acetic acid (NAA). 
The calli formed were subcultured on MS medium fortified with 0.5 mg/l thidia-
zuron (TDZ). A maximum of 70% shooting was observed, and a maximum of 2.5 
shoots were produced on TDZ-augmented medium. The elongated shoots were 
transferred to MS/2 medium fortified with different concentrations of NAA and IBA 
for root induction.

22.2.15  Lavandula angustifolia

Lavandula angustifolia “Munstead” (English lavender) family Lamiaceae (Labiatae) 
is a hardy perennial shrub rich in aromatic essential oils and is valuable for its phar-
maceutical, aromatic, and culinary properties. This genus is relatively rich in 
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phenolic constituents, with 19 flavones and 8 anthocyanins. Lavandula angustifolia 
is stated to be a carminative, spasmolytic, tonic, and antidepressant and is also used 
for treating nervous headache, neuralgia, rheumatism, depression, insomnia, windy 
colic, fainting, toothache, sprains, sinusitis, stress, and migraine. Aromatherapy 
involves massage using a much diluted essential oil or mixture of essential oil to the 
bath or a basin of hot water or using burners. The present investigation was carried 
out to study the in vitro shoot proliferation, root formation, and ex vitro acclimatiza-
tion of English lavender (Munstead) (Hamza et al. 2011). Nodal explant showed a 
good response for producing the highest survival percentage and shoot and leaf 
numbers compared with the shoot tip one. Among the tested cytokinins, TDZ at 
0.20 mg/L recorded the highest shoot number (30.55 shoots), followed by BAP at 
0.80 mg/L (16.50 shoots). The weakest effects on shoot number were recorded for 
media supplemented with all KIN concentrations; however, it tabulated the tallest 
shoot length.

22.3  TDZ-Mediated Embryogenesis

22.3.1  Tylophora indica

Tylophora indica (Burm. f.) Merrill, previously called as Tylophora asthematica, a 
member of Asclepiadaceae, is an important indigenous medicinal plant found in 
restricted localities in the Indian subcontinent. The roots have a sweetish taste turn-
ing acrid, an aromatic odor, and a brittle fracture. They possess stimulant, emetic, 
cathartic, expectorant, stomachic, and diaphoretic properties and are used for the 
treatment of asthma, bronchitis, whooping cough, dysentery, diarrhea, and rheu-
matic gouty pains. Apparently due to non-availability of sufficient quality planting 
materials, commercial plantations of this important aromatic and medicinal species 
have not been widely attempted, and presently only the wild population is exploited 
for extraction purposes. Due to overexploitation and lack of organized cultivation, 
the wild populations have declined fast. An efficient procedure has been developed 
for inducing somatic embryogenesis from mature leaves of Tylophora indica was 
established (Chandrasekhar et al. 2006). Leaf bits were cultured facing the adaxial 
and abaxial side toward the medium. They were inoculated on MS medium contain-
ing 2,4-D (1.0, 1.5 and 2.5 μM), TDZ (0.25, 0.5, and 0.75 μM), or BA (0.5 and 
1.0 μM) alone or in combinations. Leaf sections were initially cultured on Murashige 
and Skoog’s (MS) medium supplemented with thidiazuron (TDZ) in addition with 
2,4-dichlorophenoxy acetic acid (2,4-D); particularly 0.5  μM TDZ along with 
1.5 μM 2,4-D was very effective in inducing somatic embryos (71.6%). Plants were 
regenerated from in vitro somatic embryos plated on semisolid medium devoid of 
growth regulators.
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22.3.2  Vitis vinifera

Grapes (Vitis vinifera) are one of the most commonly consumed fruits in the world. 
Grapes can be used in numerous forms, viz., raisins, jam, jelly, and beverages like 
juice and wine, and also added for other culinary purposes. Being an inexpensive 
fruit, the demand for grapes is increasing day by day due to its immense potential 
toward improving the health of the humans. The biological activities of grapes has 
been studied widely which showed that it is rich in phenolic compounds with 
approximately two-thirds of grape polyphenols present in skin and seeds. These 
grapes owing to its phenolic compounds provide wholesome health benefits includ-
ing cardioprotective, anti-inflammatory, anticarcinogenic, antimicrobial, and anti-
oxidant properties. In vitro protocols for callus induction, somatic embryogenesis, 
and plant regeneration using leaf explants of three varieties of grapes (Thompson 
seedless, Sonaka, and Tas-e-Ganesh) were developed (Malabadi et  al. 2010). 
Surface-sterilized leaf explants were cultured on Nitsch and Nitsch basal medium 
(Nitsch and Nitsch 1969) supplemented with a range of TDZ concentrations (0.45–
11.35 μM) and 2,4-D at a concentration of 4.52 μM singly and in combination. The 
leaf explants responded well, and callus was induced after 2–4 weeks of culture on 
NN medium supplemented with 4.52 μM 2,4-D and 4.54 μM TDZ in all the three 
varieties. The highest percentage of somatic embryogenesis (Thompson seedless, 
78%; Sonaka, 56.2%; and Tas-e-Ganesh, 48%) was observed. Somatic embryos 
recovered per gram fresh weight of embryogenic tissue were 55.0  in Thompson 
seedless, and the number of seedlings recovered per gram fresh weight of embryo-
genic tissue was 43.0. This study has opened possibilities for large-scale clonal 
propagation of grapes.

22.3.3  Theobroma cacao

Cacao trees (Theobroma cacao) are grown principally in rainforest areas in the 
tropical regions of the world. Cacao seeds are the sources of cacao powder and but-
ter, which are important ingredients in chocolate and confectionary products. Cocoa 
butter is also used in a number of pharmaceutical and cosmetic products. Vegetative 
propagation of cacao is limited because of the low propagation rate, intensive labor, 
and associated costs. Simultaneously cacao has proven to be recalcitrant to in vitro 
shoot regeneration and organogenesis. Plant regeneration via somatic embryogen-
esis provides an alternative approach for clonal propagation of cacao since somatic 
embryos are produced through bipolar development of somatic cells; plants derived 
from somatic embryos are genetically identical to their parental donor cells and 
have the growth characteristics of seed-derived plants. A procedure for the regen-
eration of cacao plants from staminode explants via somatic embryogenesis was 
developed (Li et al. 1998). Rapidly growing calli were induced by culturing stami-
node explants on primary callus growth medium supplemented with 20 g l−1 sucrose, 
9 μM 2,4-D, and various concentration of TDZ (22.7–454.4 nM). Calli were further 
subcultured, and somatic embryos were formed from embryogenic calli. A TDZ 
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concentration of 22.7 nM was found to be the optimal concentration for effective 
induction of somatic embryos from cacao. Two types of somatic embryos were 
identified on the basis of their visual appearance and growth behavior. Plants raised 
via somatic embryos showed morphological and growth characteristics similar to 
those of seed-derived plants.

22.3.4  Myrica rubra

Myrica rubra is a dioecious species and its progeny is highly heterozygous. 
Conventional vegetative propagation methods such as air layering and grafting are 
not rapid to meet the need of elite varieties. Somatic embryogenesis provides great 
promise of mass propagation and could be used as genetic engineering vehicle to 
develop non-chimeric transgenic plants. This present study accomplishes plant 
regeneration through direct somatic embryogenesis from cotyledon explants of 
Myrica rubra. Somatic embryogenesis was induced on woody plant medium (WB) 
(Sugawara et al. 1994) supplemented with thidiazuron (TDZ) alone or in combina-
tion with 2,4-D from mature cotyledon explants of Myrica rubra (Asghar et  al. 
2013). All concentrations of TDZ except 1.0 mgL−1 induced somatic embryos and 
adventitious shoots simultaneously within 2 months of culture. Addition of 2,4-D in 
the medium significantly improved induction of somatic embryos. Frequency of 
embryogenesis was only 3.34% with 7.00 embryos per explants when TDZ was 
fortified as a single growth regulator which was improved to 22.00% with the addi-
tion of 0.1 mgL−1 2,4-D in the media. Repetitive embryogenesis was induced on 
optimized concentrations (0.5 mgL−1 BA and 0.05 mgL−1 TDZ) of two cytokinins in 
combination with various concentrations of 2,4-D.  Continuous culture of the 
explants with cluster of embryos on the induction media did not induce repetitive 
embryogenesis. On repetitive embryogenesis induction media, most of the embryos 
induced were smaller in size than those of the primary embryos during their induc-
tion stage. TDZ in combination with IBA induced adventitious shoots on the surface 
of somatic embryo explants. TDZ (0.2 mgL−1) plus IBA (1.0 mgL−1) was the most 
effective combination with maximum number (8.5) of shoots per explant. Shoot 
elongation was achieved on the media supplemented with 0.5 mgL−1 BA concentra-
tion plus 0.1 mgL−1 NAA. The plants were rooted and successfully hardened.

22.3.5  Murraya koenigii

Murraya koenigii (L.) Spreng, popularly known as curry leaf plant, is a small aro-
matic tree belonging to the family Rutaceae that grows widely in Southeast Asia. Its 
leaves are slightly pungent, bitter, and acidulous in taste. Fresh and dried leaves are 
used extensively as a flavoring agent in many Indian culinary practices. The aro-
matic components of this tree are widely utilized in the medicinal field. A reproduc-
ible protocol for direct and indirect somatic embryogenesis was established (Paul 
et al. 2011). Embryogenic callus was obtained from 90% zygotic embryonic axis 
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(ZE) and 70% cotyledon (COT) explants in Murashige and Skoog (MS) basal 
medium supplemented with 8.88  μM 6-benzyladenine (BA) and 2.675  μM 
α-naphthalene acetic acid (NAA). Globular somatic embryos were induced and fur-
ther matured from such embryogenic callus by subsequent culture on the same basal 
media containing thidiazuron (TDZ) (2.27–9.08  μM). The highest frequency of 
somatic embryos (14.58  ±  0.42) was recovered from ZE-derived callus after 
6 weeks. The age and type of explant and concentration of TDZ played an important 
role in the development of somatic embryos. Explants excised from 60-day-old seed 
differentiated from 96.67% of ZE explants and 86.67% from COT explants when 
cultured on MS basal medium supplemented with 4.54 and 9.08 μM TDZ, respec-
tively, after 4 weeks. The best result obtained for the average frequency of somatic 
embryos (11.28 ± 0.32) was from ZE explants, which was significantly higher than 
COT explants (7.34 ± 0.97). Most of the somatic embryos (above 95%), irrespective 
of their origin, germinated after 4 weeks in 1/2 MS basal media.

22.3.6  Phalaenopsis aphrodite

Phalaenopsis aphrodite subspecies formosana is qualified to be a model plant in the 
recent orchid research which has been intensively studied in the past 10  years, 
including in vitro protocols, flowering and photosynthetic physiology, chloroplast 
genomic analysis, global analysis of transcriptome, and modified ABCDE model of 
flowering. In the global horticultural trade, Phalaenopsis (i.e., moth orchids) is one 
of the most popular plants in the production of pot plants and cut flowers. It is 
mainly due to their beautiful flowers, ease of cultivation in the artificial conditions, 
and a long vase life. An alternative in vitro protocol for embryo induction directly 
from intact living seedlings of Phalaenopsis aphrodite subspecies formosana was 
established (Feng and Chen 2014). Without the supplementation of plant growth 
regulators (PGRs), no embryos were obtained from all the seedlings when cultured 
on the solid medium. In contrast, embryos formed from the seedlings on the two- 
layer medium and the two-step culture system without the use of PGRs (Fig. 22.4). 
It was found that the age of the seedlings affected embryo induction. The 2-month- 
old seedlings typically had higher embryogenic responses when compared with the 
4-month-old seedlings in the two-layer medium or two-step system. For the 
2-month-old seedlings, 1 mg/L TDZ resulted in the highest number of embryos at 
the distal site of the shoot. However, on the leaves’ surface, 0.5 mg/L TDZ induced 
the highest number of embryos. When the 2-month-old seedlings were cultured 
using the two-step method at 1 mg/L of TDZ, the highest embryogenic response 
was obtained, with an average of 44 embryos formed on each seedling. These 
adventitious embryos were able to convert into plantlets in a PGR-free 1/2 MS 
medium, and the plantlets had normal morphology and growth.
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Fig. 22.4 Phalaenopsis aphrodite subsp. formosana, direct somatic embryogenesis from intact 
seedlings. (a) A flowering potted plant, (b) in vitro seed germination, (c) cluster of embryos, (d) 
embryos turned into protocorm-like bodies, (e) embryogenesis from the leaf surface, (f) foliar 
embryos formed, (g) foliar embryos of developing leaves, (h) numerous embryos initiated, (i) 
plantlet conversion, (j) rooted plantlets (Source: Feng and Chen 2014; Article DOI: https://doi.
org/10.1155/2014/263642)
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22.3.7  Coffea arabica

Coffea is an extremely important perennial agricultural crop in tropical areas with 
more than 6.5 million tons of green beans being produced every year on about 11 
million hectares. The genus Coffea (Rubiaceae) consists of about 80 species in 
which only Coffea arabica (arabica) and Coffea canephora (robusta) are important 
for the production of Coffea beans. C. arabica contributes nearly 70% of the coffee 
consumed worldwide due to its superior quality, and C. canephora accounts for the 
rest 30%. Conventional breeding of coffee is difficult because of the long duration 
of cultivation before the seeds are set. Plant regeneration via various tissue culture 
methods could be very effective for propagation and improvement of coffee plants. 
Somatic embryogenesis is a highly useful method for the large-scale propagation of 
species of economic interest. Somatic embryos are widely considered to be of single 
cell origin; hence this is advantageous for transformation studies. The rapid direct 
and repetitive somatic embryogenesis in Coffea arabica and C. canephora geno-
types was tested on Murashige and Skoog medium containing thidiazuron (TDZ) in 
concentrations of 2.27–11.35 μM (Giridhar et al. 2004). Segments taken from coty-
ledon leaf, first leaf, and stalk of regenerated plantlets produced clusters of somatic 
embryos directly from cut portions of explants on TDZ (9.08  μM)-containing 
medium within a period of 2 months. Subculturing of these embryo clusters pro-
duced more secondary embryos on reduced TDZ (0.045–0.91  μM)-containing 
medium, and these subsequently developed into plantlets (80–85%) on develop-
ment medium followed by rooting on MS basal medium. This direct somatic 
embryogenesis from leaf and hypocotyl explants in Coffea sp. is a strong evidence 
of cell totipotency. The rapid somatic embryo induction protocol would be useful 
for the mass propagation, direct regeneration, and genetic transformation of selected 
elite lines.

22.3.8  Vigna umbellata

Rice bean, an under exploited tropical legume, is a native of Southeast Asia. In 
India, the crop is mainly found in the Western and Eastern Ghats and the NE 
Himalayas but is also grown in the sub-temperate Western Himalaya in the 
Uttaranchal and Himachal Pradesh hills. It is grown for its nutritious seeds and 
green pods as vegetable and also as a leguminous fodder crop in Kerala, Orissa, and 
West Bengal because of its higher fodder production potential. Rice bean has a 
comparatively higher content of proteins than other crops. Amino acid content is 
well suited for human digestion. But despite the great advantages, there are some 
biotic and abiotic constraints which affect its potential. Strategies to overcome these 
yield-limiting factors by conventional breeding have been slow due to the lack of 
desirable level of genetic variability in germplasm. An efficient in vitro regenera-
tion protocol for Indian cultivar (RBL-50) of rice bean Vigna umbellata (Thunb.). 
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Ohwi and Ohashi via somatic embryogenesis has been developed (Saini and 
Chopra 2012). Highly proliferating (98%) calli cultures were initiated from the 
cotyledonary node containing both half cotyledons on semisolid MSB medium (MS 
salts and B5 vitamins) supplemented with 12.5 μM thidiazuron (TDZ) alone. Type 
and concentrations of growth regulators influenced the frequency of somatic 
embryogenesis. TDZ was found responsive for somatic embryogenesis than BAP, 
2,4-D, and picloram, and the best result (18 somatic embryos per explant) was 
obtained with 12.5 μM TDZ in combination with 2.5  μM 6-benzylaminopurine 
(BAP). Sustained cell division resulted in the formation of cell aggregates, which 
progressed to the globular and heart-shaped somatic embryos and then, if they dif-
ferentiated properly, to the torpedo shape and cotyledonary stages. The transfer of 
embryos onto MS basal medium enabled the embryos to achieve complete matura-
tion and germination (Fig. 22.5). The percentage of germinating embryos increased 
significantly from 20 to 50 when 1.5 μM BAP and 2.0 μM gibberellic acid (GA3) 
were supplemented to the MS basal media. In vitro-raised plantlets with well-devel-
oped roots were successfully hardened in a greenhouse and established in soil.

Fig. 22.5 Somatic embryogenesis and plant regeneration in rice bean. (a) Callus induction from 
cotyledonary node explant. (b) Formation of shoot buds on regenerative callus. (c–d) Induction of 
somatic embryos. (e–i) Various stages of somatic embryos: (f) globular, (g) heart, (h) torpedo, and 
(i) cotyledonary. (j) Germination of somatic embryos. (k) Abnormal germination of somatic 
embryos. (l) Potted plantlets raised from germination of somatic embryos (Source: Saini and 
Chopra 2012)
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22.3.9  Crocus sativus

Saffron (Crocus sativus L.) is one of the most valuable industrial crops which is 
particularly important in exploration and income revenue. In vitro propagation of 
saffron either through somatic embryogenesis or cormogenesis is considered as an 
efficient alternative method for large-scale propagation of pathogen-free corms. In 
order to develop an efficient protocol for in vitro propagation of saffron, a factorial 
experiment was carried out based on completely randomized design to investigate 
the effects of various concentrations of TDZ (0, 0.1, 0.25, and 0.5 mg l−1) on somatic 
embryogenesis induction from five different types of corm explants (terminal or 
axillary buds, upper or lower parts of the corm tissue, and terminal buds from pre-
treated corms at 4 °C for 2 weeks) (Sheibani et al. 2007). The results revealed that 
TDZ concentration affected the induction of somatic embryogenesis significantly, 
while different types of corm explants showed no significant effect on this process. 
Among TDZ concentrations used, 0.5 mg l−1 was the most effective treatment for 
embryogenesis induction. Embryogenic calli proliferated well when subcultured 
into MS medium supplemented with 0.25  mg l−1 TDZ before transferring to 
hormone- free MS medium containing 6% sucrose for maturation. Matured embryos 
were transferred to half-strength MS medium without growth regulators for further 
development, from which microcorms were produced at the basal part after 
3 months.

22.3.10  Psoralea corylifolia

Psoralea corylifolia L. (Fabaceae), commonly known as “babchi,” is an endangered 
medicinal plant distributed in the tropical region of the world. The plant is used in 
indigenous system of medicine as a laxative, aphrodisiac, anthelmintic, diuretic, 
and diaphoretic in febrile conditions. It is specially recommended in the treatments 
of leucoderma, leprosy psoriasis, and inflammatory diseases. It is a seed-propagated 
species; however, the germination percentage is very low (5–7%). The low percent-
age of seed germination coupled with non-judicious wild collection for pharmaceu-
ticals pose a serious threat to its existence in the nature. Tissue culture and in vitro 
plant regeneration system provide an alternative means for mass proliferation and 
ex situ conservation of endangered plant species. The development of efficient 
in vitro regeneration systems is needed to facilitate the application of recombinant 
DNA technology to the improvement of crop germplasm. In the present study, a 
simple, rapid, and effective system to regenerate Psoralea corylifolia plants via 
direct somatic embryogenesis from nodal segments has been established (Faisal 
et al. 2008). The embryogenic cells proliferated, formed somatic embryos, and were 
subsequently converted into normal plantlets under optimized culture conditions. 
The frequency of somatic embryogenesis was strongly influenced by the concentra-
tion of thidiazuron (TDZ) (0.0, 10.0, 11.0, 12.0, 13.0, 14.0 15.0, 16.0, 17.0, 18.0, 
19.0, 20.0 μM) in the medium. The highest frequency (82%) of somatic embryogen-
esis was observed on Murashige and Skoog medium containing 16.0 μM TDZ. The 
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somatic embryos, when transferred to plant growth regulator-free MS basal medium, 
developed further to heart-shaped, torpedo, and cotyledonary stages within 2 weeks. 
Conversion of somatic embryos into plantlets was achieved by isolating somatic 
embryos with distinct cotyledons and transferring them onto half-strength MS 
medium containing 1.0 μM gibberellic acid (GA3). Subsequently, the regenerated 
plantlets were successfully established in ex vitro condition with 90% survival.

22.3.11  Pimpinella tirupatiensis

Pimpinella tirupatiensis Balk and Subr., locally known as “adavikothimeera” (for-
est coriander), is a herbaceous medicinal plant, distributed on Tirumala Hills 
(1000 m above MSL) of Chittoor District, Andhra Pradesh. It is a narrow endemic 
species (Umbelliferae) of seasonal occurrence with underground tuberous root sys-
tem. Dried roots of P. tirupatiensis are administered along with few other ingredi-
ents to cure colic and rheumatic ailments in cattle. The local Yanadi tribal community 
uses the tuberous roots of P. tirupatiensis to cure severe ulcers of the stomach, 
throat, and genital organs and also as aphrodisiac and as abortifacient agents. Fruits 
are used to cure asthma and are considered as an effective remedy for “flatulent 
colic.” Conventional propagation methods through seed and root tubers for cultiva-
tion of P. tirupatiensis are beset with limited planting material and poor fruit setting. 
The availability of the seed is also very less due to its dispersal by wind, on attaining 
maturity. In the present investigation, a regeneration protocol through somatic 
embryogenesis is attempted to conserve this rare species of Umbelliferae for poster-
ity (Prakash et al. 2001). Hypocotyl segments were excised from 4-week-old aseptic 
seedlings of Pimpinella tirupatiensis and were cultured on MS medium with TDZ 
(1 mg/l) and NAA (0.5 mg/l), which gave rise to friable, pink callus after 4 weeks 
of culture. Embryogenic callus on transfer to MS medium containing TDZ (1 mg/l) 
produced somatic embryos after 8 weeks having dark green shoots and white hairy 
roots. On MS  +  TDZ (1  mg/l)  +  BA (1  mg/l), somatic embryo formation was 
enhanced. Embryos isolated and germinated in the presence of MS + TDZ (1.0 mg/l) 
and GA3 (1.0 mg/l) showed normal flowering without any morphological variation 
on transplantation to soil.

22.4  Conclusion

TDZ is widely applied in plant in vitro or in vivo that influences a number of param-
eters in plants. It was firstly used as a defoliant for cotton. A miscellaneous range of 
responses with a high grade of efficacy is induced via TDZ application. Exploitation 
of TDZ in plant cell culture systems in the early 1980s for induction of adventitious 
shoot regeneration produced a considerable interest in understanding the plant mor-
phogenesis and different physiological parameters. The complex nature of the bio-
chemical and morphological responses that have been reported for plant tissues 
exposed to TDZ has provided some indication of the cascade of physiological 
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reactions within the plant tissues. It was reported that TDZ induces shoot regenera-
tion in many plant species. TDZ fraction plays a very important role in morphogen-
esis like lower concentration which induces axillary shoot proliferation, whereas 
higher fraction causes adventitious shoot development. An array of complex physi-
ological mechanisms like functions of an intact molecule in both alone and in 
engaged system are involved in TDZ-treated somatic embryogenesis, and also 
TDZ-treated tissues maintain and enhance the accumulation and transport of auxin. 
All these results suggest that TDZ has a keen role in the induction of stimulation of 
plant growth regulator processes and physiological maintenance of plant tissues 
during culture process. TDZ is believed to be the best synthetic cytokinin present for 
the regeneration of numerous plant species. TDZ improved greatly the ex vivo gen-
eration and multiplication of species recalcitrant to propagation. In several cases, 
growth of explants accelerated when transferred from amino purine cytokinin-cul-
tured medium onto TDZ-fortified medium. TDZ is much effective in concentrations 
10–1000 times less than the other phytohormones. It has been observed that an 
expanded range of concentrations to be effective ex vivo, dependent on the species, 
explant status, and objective. In certain procedures, a twofold culture system is con-
ducted with pronounced success, where TDZ-fortified initial medium induces shoot 
multiplication which is followed by secondary medium containing low level of TDZ 
or other phytohormones to enhance shoot organogenesis. Plant’s response to TDZ 
may be attributed to the change of oxidative stresses in plant cell, especially during 
the shoot regeneration or embryo formation.
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Abstract
In recent years, Jatropha curcas has pronounced attention due to its capacity of 
production of biodiesel. Uniform large-scale propagation of J. curcas is one of 
the significant keys that will eventually decide victory. Direct regeneration is one 
of the methods which help in the production of uniform and homogenous plant, 
and TDZ plays an important role in the production of plantlets by direct organo-
genesis in several number of plant species including J. curcas. Measuring the 
economical importance of J. curcas and the role of TDZ in shoot regeneration, 
the present book chapter briefly reviews the impact of TDZ on shoot bud induc-
tion from various explants of J. curcas.
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23.1  Introduction

Jatropha curcas (family, Euphorbiaceae), one of the potent biofuel plant, has con-
quered pronounced attention in recent years due to its potential of biodiesel produc-
tion. J. curcas arises as the most gifted oilseed tree due to high oil content and wider 
range of adaptability. J. curcas is a drought-resistant, perennial, multipurpose plant 
of Latin American origin, but it is now distributed throughout the tropical regions of 
the world. J. curcas is a cross-pollinated plant which produced seeds of heterozy-
gous in nature and high degree of variation in population. Biodiesel manufactured 
from J. curcas has been effectively experienced in both stationary and mobile 
engines without alteration in any parts of the engine. The crude oil of Jatropha 
meets the biofuel characters of quality standards of rapeseed and can be simply 
transformed into biodiesel, meeting European and US standards (Tiwari et al. 2007; 
Azam et al. 2005). J. curcas is conventionally propagated through seeds and vegeta-
tive cuttings. Propagation through vegetative cuttings is not suitable to meet the 
demand of high planting material. This creates it imperative for exploration of 
methods for its quick propagation. Since TDZ is potent a plant growth regulator and 
efforts have been carried out to regenerate J. curcas through direct shoot morpho-
genesis as well as callus-mediated regeneration using TDZ (Sujatha et  al. 2005; 
Deore and Johnson 2008; Kumar and Reddy 2010; Khurana-Kaul et  al. 2010; 
Kumar et al. 2010a, b, c; Kumar et al. 2011a, b; Sharma et al. 2011; Kumar and 
Reddy 2012; Li et al. 2012; Chiangmai et al. 2015; Gopale and Zunjarrao 2013; 
Zhang et al. 2013; Aishwariya et al. 2015; Liu et al. 2015, 2016).

TDZ was found to have an effect to plant similar to auxin and cytokinin (Murthy 
et al. 1998; Guo et al. 2011), although it had the chemical structure different from 
these two plant growth regulators (Murthy et al. 1998; Guo et al. 2011). TDZ may 
involve in modulating endogenous plant growth regulators, resulting to the modifi-
cation of plant cell membranes and uptake and assimilation of plant nutrient (Murthy 
et al. 1998). For these reasons, TDZ was used to study in various plant species and 
explant types (Murthy et al. 1998; Ahmed and Anis 2012; Sharma et al. 2011). Pan 
et al. (2016) observed that 75 μM and 225 μM TDZ treatments stimulated develop-
ment of pistil, which enhanced the female flower numbers along with the inflores-
cence meristem development. TDZ application enhanced the branch orders of the 
dichasia on the inflorescence. The total number of flowers was reduced, but TDZ 
enhanced the total number of fruit of J. curcas by stimulating development of pistil. 
The exploitation of TDZ for regeneration has been reported vastly superior over 
adenine-based cytokinin for a number of plant species (Siddique and Anis 2007; 
Husain et al. 2007; Gopale et al. 2013; Zhang et al. 2013; Aishwariya et al. 2015; 
Liu et al. 2015; 2016). Ferrante et al. (2002, 2003) have reported that TDZ decreased 
degradation of chlorophyll in leaves of cut flowers of chrysanthemums, tulips, and 
alstroemeria. Mutui et al. (2005) demonstrated that TDZ markedly delay the onset 
of leaf senescence in Pelargonium and decrease flower abscission and the senes-
cence of flowers and leaves in cut inflorescences of lupins and phlox (Sankhla et al. 
2003, 2005). Although the exact working principle of TDZ is not well known, some 
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evidence proposes that TDZ can modulate biosynthesis of cytokinin and/or its 
metabolism and may mimic the auxin activity (Murthy et al. 1998; Mok et al. 2000). 
It has been assumed that the long-lived cytokinin effects provided by TDZ applica-
tion not only stops the yellowing of leaf but also minimizes the sensitivity of ethyl-
ene (Dinesh et  al. 1996; Ferrante et  al. 2002; Sankhla et  al. 2005). Upsurges in 
endogenous cytokinin, auxin, and ethylene have been observed in response to TDZ 
application (Murthy et al. 1998). As a consequence, TDZ has been publicized to be 
suitable for speedy regeneration of plant in numerous recalcitrant plant species 
through organogenesis (Malik and Saxena 1992). So, considering the importance of 
TDZ in shoot regeneration of plant, the present chapter is reviewed on shoot regen-
eration of J. curcas using TDZ.

23.2  Regeneration of J. curcas Plantlets Using TDZ

23.2.1  Direct Organogenesis

Direct organogenesis from explants, without intervening the callus induction phase, 
was required particularly for the development of uniform plant. It also show high 
genomic homogeneity than those produced through callus-intervening organogen-
esis steps. There are several research groups observed on direct regeneration of 
plantlets using TDZ from various explants, viz., leaf, shoot tip, cotyledonary leaf, 
petiole, hypocotyl, and epicotyl explants (Sujatha et al. 2005; Deore and Johnson 
2008; Kumar and Reddy 2010; Khurana-Kaul et al. 2010; Kumar et al. 2010a, b, c, 
2011a, b; Sharma et al. 2011; Kumar and Reddy 2012; Gopale et al. 2013; Zhang 
et al. 2013; Aishwariya et al. 2015; Liu et al. 2015; 2016). An example of complete 
direct organogenesis protocol from cotyledonary petiole and leaf explant (Fig. 23.2) 
using TDZ is shown (Figs. 23.1 and 23.2).

Sujatha et al. (2005) found shoot bud regeneration from axillary nodes and leaf 
tissue of nontoxic variety of J. curcas on MS medium containing supplemented 
with 2.3–46.5 mM Kn, 2.2–44.4  mM BAP, and 2.3–45.4  mM TDZ separately. 
Axillary bud culture for 12 weeks resulted in production of 24, 10, and 4 shoot buds 
per node from explants initially cultured on MS medium supplemented with TDZ, 
BAP, and Kn, respectively, and concluded that TDZ stimulated greater percentage 
of shoot bud induction from axillaries as compared to BAP.

Deore and Johnson (2008) reported that the best percentage of regeneration of 
shoot buds from leaf using TDZ. They observed that TDZ in the culture medium has 
greater role on the shoot bud regeneration as compared to BAP, and it was also 
found that only callus has been produced, if BAP only was added in culture MS 
medium. Deore and Johnson (2008) first observed and reported that TDZ plays an 
important role in regeneration of direct shoot buds, and successive studies carried 
and proved that TDZ significantly influenced the regeneration of shoot buds.

Kumar et al. (2010a, b, c) observed that regeneration of shoot buds along with 
callus were induced from leaves of 2-year-old plants cultured on MS medium 
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comprised with 2 μM TDZ, 2 μM BAP, and 1 μM IBA, wherein 83.3% leaf explants 
responded. A maximum of 83.3% of explants formed adventitious shoot buds in MS 
medium having 2 μM BAP, 2 μM TDZ, and 1 μM IBA which produced to a mean 
of 9.7 shoots per explant after 8 weeks of culture on multiplication medium. The 
presence of TDZ, BAP, and IBA in the initiation medium significantly enhanced the 
formation of shoot bud at lower concentrations. However, higher concentration of 
cytokinins in the medium had an inhibitory effect on shoot bud initiation, reducing 
the number of shoots buds to 4.3 per explant.

Kumar and Reddy (2010) found maximum percentage of shoot bud induction 
(58.35%), and the number of shoots per explant (10.10) was achieved after 
6 weeks when in vitro petiole explants were placed horizontally on MS medium 
having 2.27 μ M TDZ. Further they reported that little TDZ concentrations regen-
erated relatively lower number of shoot buds, but these elongated quickly into 
shoots in subsequent culture. In contrast, MS media comprising high TDZ con-
centration had more visible shoot buds or primordia, but only a few were able to 
develop into shoots.

Fig. 23.1 Direct shoot bud induction from cotyledonary petiole explants of nontoxic cultivar of J. 
curcas. Direct shoot bud induction from (a) in vitro cotyledonary petiole in horizontal position, (b) 
in vivo cotyledonary petiole in horizontal position, (c) in vitro cotyledonary petiole in vertical 
position, and (d) in vivo cotyledonary petiole in vertical position on MS medium with 2.27 μM 
TDZ. (e) Shoot proliferation of induced shoot buds on MS medium with 10 μM kinetin (Kn), 
4.5 μM 6-benzyl aminopurine (BAP), and 5.5 μM α-naphthaleneacetic acid (NAA). (f) Elongation 
of proliferated shoot on MS medium with 2.25 μM BAP and 1.5 8.5 μM IAA. (g) Development of 
roots on half strength of MS medium with 15 μM IBA, 5.7 μM IAA, and 16.5 μM NAA + 0.25 mg 
l−1 activated charcoal after 4 weeks. (h) Regenerated plants in polybags (Source: Kumar et  al. 
2010b; License No. 4117420633543)
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Khurana-Kaul et al. (2010) fund that TDZ exhibited double shoot bud induction 
potential as compared to BAP.  A maximum number of shoot bud induction (18 
shoot buds per leaf explant) was observed on MS medium having 0.98 μM IBA and 
0.90 μM TDZ and concluded that TDZ is best plant growth regulator in elicitation 
of morphogenic response.

Kumar et al. (2010a) found that the regeneration efficiency from cotyledonary 
leaf explants was more in TDZ comprising medium as compared to BAP. Percentage 
of shoot bud induction varied from 23.6% to 93.4%, and the number of regenerated 
shoots per explant varied from 8.6 to 26.2 on TDZ containing MS medium, whereas 
on BAP comprising MS medium, percentage of shoot bud induction varied from 
14.1% to 56.1%, and the number of shoots per explant varied from 2.8 to 6.9. Kumar 
et  al. (2010b) observed the frequency of shoot bud induction (59.11%), and the 
number of shoots (5.01) per explant of nontoxic variety of J. curcas was achieved on 
MS medium having 2.27 μM TDZ.

Fig. 23.2 Shoot regeneration from cotyledonary leaf explants of J. curcas. Direct organogenesis 
from (a) in vitro cotyledonary leaf explant (bar 5 mm), (b) in vivo cotyledonary leaf explant (bar 
5 mm) on MS medium with 2.27 μM thidiazuron (TDZ) after 6 weeks. (c) Shoot proliferation of 
induced shoot buds on MS medium with 10 μM kinetin (Kn) + 4.5 μM 6-benzyl aminopurine 
(BAP) + 5.4 μM α-naphthaleneacetic acid (NAA) after 4 weeks (bar 100 mm). (d) Elongation of 
proliferated shoot on MS medium with 2.25 μM BAP + 8.5 μM indole-3-acetic acid (IAA) after 
6 weeks (bar 5 mm). (e) Elongated shoot cultured on half-strength basal MS liquid medium supple-
mented with 15 μM indole-3-butyric acid (IBA) + 5.7 μM IAA + 5.5 μM NAA for root induction 
(bar 5 mm). (f) Development of roots at the base of auxins treated elongated shoot on half-strength 
basal MS medium with 0.25 mg/L activated charcoal after 4 weeks (bar 1 mm). (g) Regenerated 
plant in polybag after 4 weeks (bar 150 mm). (h) Regenerated plant in pot soil after 6 months under 
natural condition (100 mm) (Source: Kumar et al. 2010a; License No. 4117420944428)
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Kumar et al. (2011a) develop an efficient, reproducible, and simple plant regen-
eration method through direct regeneration from petiole explants of nontoxic J. cur-
cas. They used MS medium which is supplemented with various concentrations of 
TDZ for shoot regeneration. The best percentage of shoot bud regeneration (57.61%) 
and a number of regenerated shoots (4.98) per explant were achieved when in vitro 
petiole explants were positioned horizontally on MS medium having 2.27  μM 
TDZ. Kumar et al. (2011b) discover the possessions of various plant hormones, viz., 
TDZ or BAP, independently and in mixture with IBA, on direct organogenesis from 
field-grown mature and in vitro leaf explants and glasshouse and in vitro-grown 
seedling cotyledonary leaf explants of nontoxic J. curcas. In the entire tested 
medium having various concentrations of TDZ and BAP, the maximum percentage 
of shoot bud induction (81.07%) and the number of regenerated shoots per explants 
(20.17) were found on 9.08 μ M TDZ comprising MS medium from in vitro-grown 
cotyledonary leaf explants.

Sharma et al. (2011) observed the best results on regenerations of shoot buds 
irrespective of germplasm or genotype were achieved on the MS medium compris-
ing 0.5 mg/LTDZ. They observed 88.8% regeneration efficiency and 16.9 buds per 
explant on MS medium containing 0.5 mg/LTDZ.

Kumar and Reddy (2012) reported that TDZ in the MS medium greatly control 
the initiation of shoot bud regeneration irrespective of germplasm or genotype. The 
frequency of initiation of shoot bud regeneration and the number of regenerated 
shoot buds per explant were directly proportional to the TDZ concentration. Of the 
various tested concentrations (0–9.08 μM) of TDZ, the maximum shoot bud regen-
eration percentage (66.97%) and maximum regenerated shoot bud number (13.76) 
per explant were found in the occurrence of 9.08 M TDZ, among the genotypes 
studied.

Gopale et al. (2013) reported that TDZ in the shoot regeneration medium has 
better response on the regeneration of adventitious shoot buds, whereas callus 
induction was observed on BAP without TDZ. 2.27 μM TDZ helped in the induc-
tion of adventitious shoot buds in 55% leaf explants, whereas only 35% shoot bud 
regeneration was observed when 4.55 μM TDZ was added in MS medium.

Zhang et al. (2013) reported that the maximum regeneration of shoots was found 
on MS medium comprising 0.5 mg/L Kn, 1 .0 mg/L TDZ, and 0.5 mg/L GA3. TDZ 
was the main plant growth regulators which initiated shoot bud induction, while 
GA3and Kn played an important role in the elongation of regenerated shoot buds 
and in the enhancement of the number of plantlets per leaf, respectively. The highest 
regeneration of shoot buds (>90%) was achieved when the 1–2 mg/l TDZ was added 
in MS medium which was significantly higher than for MS medium with 0.5 mg/L 
TDZ. 2.0 mg/L TDZ concentrations significantly enhanced regeneration of compact 
shoot buds which are not able to proliferate and elongate due to the compact nature 
of regenerated shoot buds.

Aishwariya et al. (2015) reported that TDZ is most potent plant growth regula-
tors like substance which initiates high-frequency in vitro shoot bud regeneration. 
Earlier shoot bud regeneration was observed when J. curcas (CJC – 19) calli were 
treated with 3 mg/L TDZ for 3–5 days.
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Liu et al. (2015) found that treating the petiole explants with 5–120 mg/L of TDZ 
for time length of 5–80 min increased the shoot bud regeneration percentage and 
enhanced the quality of the originated shoot buds significantly. The maximum 
regeneration of shoot buds (65.78%) and shoot bud number (6.77) per explant was 
observed in the second petiole explants of germplasm M-1 which is treated with  
20 mg/L TDZ solution for 20 min.

Liu et al. (2016) reported that the maximum frequency (63.68%) of regeneration 
of shoot buds and the maximum number (6.58) of regenerated buds per explant were 
observed on MS medium containing 0.3 mg/L TDZ. Explants are also treated with 
20 mg/L TDZ for different time lengths. For the purpose of studying the influence 
of time length of TDZ solution treatment on the induction of shoot buds, petiole 
explants were treated with 20 mg/L TDZ for different durations before inoculation 
of explants onto the plant growth regulator fee MS medium. Observation results 
indicated that treatment with 20 mg/L TDZ for 20 min was the most appropriate, by 
which the maximum shoot bud regeneration frequency (91.36%) and the maximum 
number of regenerated shoot buds per explant (12.01) were obtained. Nevertheless, 
when the explants were treated with 20 mg/L TDZ for 40 min, the regeneration 
percentage of adventitious buds was reduced.

23.2.2  Indirect Organogenesis

Indirect organogenesis is a method in which de novo development whole plant 
arises, and it includes two different stages: dedifferentiation and redifferentiation. 
Dedifferentiation occurs when formation of bulk of undifferentiated cells, i.e., 
called callus, was formed due to the hastening of cell division in isolated plant tis-
sue. After dedifferentiation, i.e., after the formation of callus from single plant cell, 
redifferentiation starts, i.e., formation of shoot and root primordia originates from a 
single or a cluster of callus cells, and the organ primordia give rise to whole plant-
lets. Indirect organogenesis, i.e., formation of whole plants from callus in J. curcas, 
is also controlled by the media composition comprising different concentration and 
combination of plant growth regulators. There are limited studies that were reported 
on indirect organogenesis of J. curcas using TDZ via intervening callus (Li et al. 
2012; Chiangmai et al. 2013).

Li et al. (2012) observed that the MS media comprising TDZ induce the induc-
tion of adventitious shoot buds from callus and no callusing without TDZ. It was 
also observed that the frequency of shoot bud induction from callus declined by 
increasing the concentration of TDZ.  MS medium containing 1  mg/L Kn and 
0.1 mg/L IBA with 1 mg/L TDZ increased the number of induction of shoot buds 
from callus and also improved the adventitious shoot regeneration among several 
tested regeneration mediums. These observations recommended that in vitro plant 
shoot induction media comprising TDZ in combination with other plant growth 
regulators could induce the adventitious shoots formation, and the combination of 
1 mg/L Kin, 0.1 mg/L IBA, and 1 mg/L TDZ was the most promising medium for 
adventitious shoot formation from callus.
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Chiangmai et al. (2013) observed that MS medium comprising only TDZ in the 
range of 0.1 to 1.0 mg/L was the greatly responding MS medium in the induction of 
morphogenic callus. The results showed that highest yellow/green compact callus 
frequency was observed in the MS mediums comprising either 0.1 or 1.0 mg/L TDZ 
treatment. MS medium having both 1.5 mg/L IBA and 0.1 mg/L TDZ showed the 
highest value of differentiated callus (96.7%).

23.2.3  Somatic Embryogenesis

Somatic embryogenesis is also one of the important processes of plant regeneration 
in which single inherently somatic cell is converted to bipolar structure like gametic 
embryo. Somatic embryogenesis not only assists in in vitro plant regeneration but 
also plays a significant role in studies of genetic and metabolic engineering. There 
were very few studies reported on somatic embryogenesis of J. curcas using TDZ 
(Mahalakshmi et al. 2014; Mweu et al. 2016).

Mahalakshmi et al. (2014) showed that 0.2 mgl−1 Kn and 1 mgl−1 NAA showed 
highest percentage in the induction of callus from the first petiole. Frequency of 
formation of somatic embryo was more (35.16%) from the first petiole on MS 
medium having 0.5 mg/L TDZ and 0.4 mg/L gibberellic acid. Highest germination 
percentage of somatic embryo (66.85%) was recorded on MS medium comprising 
0.25 mg/LKn, 1 mg/L BAP, and 0.5 mg/L IAA.

Mweu et al. (2016) reported that the maximum induction of callus (85%) was 
observed in combination of 0.1  mg/L TDZ, 0.5  mg/L IAA, 0.6  mg/ L Kn, and 
1.5 mg/L BAP within 8 weeks in all germplasm. The combination 0.1 mg/L TDZ, 
0.5 mg/L IAA, 0.6 mg/ L Kn, and 1.5 mg/L BAP is a revolution in induction of high 
callus and morphogenetic development.

23.3  Conclusion

Considerable improvement has been carried out concerning shoot regeneration of J. 
curcas by different explants using TDZ. Interestingly, much data has accumulated 
during the last decades indicating that TDZ shows powerful cytokinin-like activity. 
TDZ have an important role in promoting in vitro response from (I) direct organo-
genesis of shoot buds from explants, (II) regeneration of shoot buds from induced 
callus from various explants, (III) development of somatic embryo from callus, and 
(IV) enhancement of the percentage of regeneration of explants as well as the num-
ber of shoot buds per explants. Nevertheless, also for highly potent plant growth 
regulators, conditions have to be optimized concerning combination with other 
growth regulators since several reports indicate the highest organogenic capability, 
if TDZ is applied as the sole growth regulators, while other studies describe the need 
to couple with a certain auxin.
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Abstract
Thidiazuron (TDZ) is a light yellow crystalline phenylurea compound with tre-
mendous morphogenic potential on shoot regeneration ranging from small 
grasses to large tree species. This morphoregulatory potential of TDZ has led to 
well-established micropropagation systems in various woody plant species 
where other cytokinins are least effective. Short exposure of TDZ is sufficient to 
stimulate the best regeneration system, while the prolonged or continuous expo-
sure has various negative effects on growing cultures. The present communica-
tion reviewes the morphogenic response of TDZ in Rauvolfia species. A 
differential growth response was observed on explants when inoculated on 
Murashige and Skoog (MS), 1962 medium supplemented with different concen-
trations of TDZ. Nodal explants of R. tetraphylla cultured on MS + 5 μM TDZ 
gave optimal (90%) regeneration response for maximum (9.2 ± 1.20) shoot pro-
duction, while in the case of R. serpentina, MS + 0.8 μM TDZ proved to be best 
for producing highest mean shoot number (5.7 ± 0.28) with 77% regeneration 
rate after 4  weeks of culture. However, for shoot tip explants of R. hookeri, 
0.45 μM TDZ on ½ MS proved best and gave 70% regeneration, with a maxi-
mum shoot number of 1.50 ± 0.22 and a mean shoot length of 1.18 ± 0.04 cm 
after 45 days of culture. Responsive nodal explants of R. tetraphylla and R. ser-
pentina when cultured continuously on the same TDZ-supplemented media lead 
to adverse effects like shoot distortion, fasciation, or hyperhydricity in growing 
shoots and resulted in stunted growth. These negative effects of prolonged TDZ 
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exposure were apprehended when the cultures were transferred to MS basal 
medium devoid of TDZ. The transference of cultures to secondary medium not 
only showed the positive effect on growing cultures but also increased shoot 
proliferation and shoot multiplication rates in both the species. After 4 weeks of 
transfer to secondary medium, shoot number increased up to 23.1 ± 0.4 and 18.5 
± 1.25 per explant in R. tetraphylla and R. serpentina, respectively. Regenerated 
shootlets of ≥4 cm were excised and transferred to various rooting medium sup-
plemented with different concentrations of auxins like IAA, IBA, and NAA. IBA 
in all the three species proved best for in vitro rooting with maximum root mean 
number of 6.9 ± 0.34 and mean root length of 5.2 ± 0.4 cm at 1.0 μM IBA in R. 
serpentina after 4 weeks of incubation. Rooted plantlets were acclimatized in 
culture room and finally transferred to garden soil with 90% survival rate without 
any genetic or morphogenic abnormality.

Keywords
Nodal segment · Micropropagation · Rauvolfia serpentina · Rauvolfia tetraphylla 
· Rauvolfia hookeri · Clonal fidelity

Abbreviations

BA Benzyl adenine
IBA Indole-3-butyric acid
MS Murashige and Skoog’s medium
PGRs Plant growth regulators
RAPD Random amplified polymorphic DNA
TDZ N-Phenyl-N′-(1,2,3-thiadiazol-5-yl)urea

24.1  Introduction

Rauvolfia belongs to family Apocynaceae (dogbane) which is represented by ever-
green perennial shrubs or undershrubs, widely distributed in tropical Asia, Africa, 
and America. There are 76 Rauvolfia species (https://en.wikipedia.org/wiki/
Rauvolfia) or 85 species (Kumar et al. 2011), 5 of them, namely, R. densiflora, R. 
hookeri, R. micrantha, R. serpentina, and R. tetraphylla, are found in India 
(Bhattacharjee 1998) which are introduced and now became naturalized (Anonymous 
1973). These plant species are pharmacologically the most important due to the pres-
ence of more than 50 potent alkaloids like ajmaline, ajmalicine, reserpine, serpen-
tine, tetraphyllincine, etc. Reserpine is globally used as an antihypertensive, which 
depresses central nervous system and lowers blood pressure (Anonymous 2003). 
These medicinal herbs are also used to cure and relief the diseases like insomnia, 
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anxiety, cholera, diarrhea, dysentery, fever, anxiety, epilepsy, and other disorders of 
the central nervous system (Kirtikar and Basu 1993; Ghani 1998) from prehistoric 
times. Root extract of these species is used as laxative, thermogenic and diuretic and 
is highly recommended in difficult childbirth, as it increases the uterine contraction 
cycles. It is also used as antidote to cure snake bite (Ghani 1998; Tona et al. 1999).

From last few decades, natural population of these species is rapidly declining 
because of overexploitation from the wild to meet the growing needs of increasing 
population and to fulfill the traditional demand from pharmaceutical sectors (Nayar 
and Sastry 1987). Root, stem, bark, and leaves are used in medicine; thus, some-
times the whole plant is uprooted. Therefore, to ensure its natural growth and con-
servation, the Government of India has restricted the export of its drugs to reduce its 
exploitation, which will result in the shortage of these alkaloids in the global mar-
kets (Anonymous 2003; Faisal et al. 2005). This led to an active search and research 
for these alkaloids in other related species of Rauvolfia. Further, these species have 
poor seed germination and viability with insufficient and problematic conventional 
propagation methods which may in turn lead to further destruction of these species. 
To meet the basic and increasing demand, there is an urgent need to develop non-
conventional methods for propagation and conservation of these plant species.

Biotechnology offers new tools, techniques, technologies, and strategies for easy 
sustainable development and utilization of natural resources which are facing 
extinction threat due to overexploitation, unsustainable utilization, and indiscrimi-
nate harvesting because of their industrial and pharmacological importance. Plant 
tissue culture offers valuable ways to overcome all these problems that are found in 
natural methods of propagation. In vitro techniques offer a powerful tool for mass 
multiplication by increasing the number of propagules through either direct or indi-
rect regeneration methods by using various explants like cotyledonary node (CN) , 
internodes, leaves, nodal and shoot tips on growing medium supplemented with 
different cytokinins alone or in combination with various auxins. The modern bio-
technological tools are facilitating mass multiplication for population enhancement 
and ecorestoration via ex situ conservation of aromatic, endangered, and vulnerable 
medicinal plants where traditional methods are helpless and inadequate (Krishnan 
et al. 2011; Pence 2011).

24.2  Rauvolfia tetraphylla (L.)

Rauvolfia tetraphylla commonly known as milk bush or bee still plant is an endan-
gered tropical medicinal plant. It is a small evergreen woody perennial shrub grow-
ing up to the height of 1.5 m. In India, it is found in Uttar Pradesh, Bihar, Orissa, 
Madhya Pradesh, Andhra Pradesh, West Bengal, and Kerala (Anonymous 2003). It 
is a rich source of bioactive chemicals with the presence of about 30 indole alka-
loids. Reserpine, the major and potent one that depresses the central nervous sys-
tem, produces sedation and lowers blood pressure. The other main alkaloids present 
in this plant are ajmaline, alstonine, canescine, corynanthine, deserpidine, isoreser-
piline, isoreserpine, serpagine, serpentine, tetraphyllicine, yohimbine, and 
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pseudoyohimbine (Anonymous 2003; Anitha and Kumari 2006). Since the begin-
ning of human civilization, this medicinal herb is used as medicine to cure and 
control the diseases like central nervous system disorders, diarrhea, dysentery, and 
other intestinal infections. It is also used as anthelmintic and antidote against snake 
bite. Root extract is used to stimulate uterine contraction and is recommended in 
difficult childbirth cases. Due to its high medicinal properties, it is facing indis-
criminate and extensive collection from the wild. Further, it has low seed viability 
and poor germination percentage with lack of commercial plantation; thus, for its 
conversation, the Government of India has constrained the export of its drugs to 
lessen its overexploitation, which in turn may result in a shortage of its alkaloids in 
the world market (Anonymous 2003; Faisal et al. 2005). Under these conditions, its 
micropropagation on large scale is the only way to meet the growing and upcoming 
challenges of this high value medicinal plant. Need of the hour is to devise an effi-
cient micropropagation system for R. tetraphylla.

24.3  Role of TDZ on Nodal Explants in Rauvolfia tetraphylla

Faisal et al. (2005) studied the regeneration potential of nodal explants collected 
from a 2-year-old Rauvolfia tetraphylla plant maintained at the botanical garden of 
the Department of Botany, Aligarh Muslim University, Aligarh. The explants were 
inoculated on MS medium alone or supplemented with different concentrations 
(0.1–10  μM) of TDZ.  MS medium devoid of TDZ did not respond even after 
6 weeks of incubation and thus served as the control. All the tested concentrations 
of MS with TDZ facilitated shoot bud induction. Among the tested treatments, MS 
+ 5 μM TDZ proved to be optimal for maximum 90% regeneration with shoot mean 
number of 9.2 + 1.20 after 4 weeks of incubation (Table 24.1). However, when the 
growing cultures were transferred onto the similar fresh TDZ-supplemented 
medium, some deleterious effects like fasciation, distortion, and necrosis in grow-
ing shoots was observed. Further, premature but normal flowering was also observed 
on MS + 5.0 μM TDZ.

To avoid the ill effects of prolonged TDZ exposure, the cultures were transferred 
to secondary hormone-free medium, and positive morphogenic effects were seen on 
growing cultures with increased shoot multiplication in all the treatments. Further, 
to obtain the best optimum period for maximum regeneration and shoot multiplica-
tion from nodal explants, a differential TDZ exposure of 2, 4, and 6 weeks was 
given before transfer to hormone-free medium. The 4-week treatment of 5.0 μM 
TDZ proved to be ideal for maximum shoot regeneration (18.5 ± 1.25) prior to 
transfer to their hormone-free medium. Healthy shootlets ~4 cm were excised and 
transferred to MS rooting medium fortified with different (0.1–2.0 μM) concentra-
tions of IBA and IAA. 0.5 μM IBA proved best for a maximum (4.80 ± 0.58) num-
ber of roots with 100% rooting response after 4 weeks of incubation (Table 24.2). 
Plantlets having 4–6 fully expanded leaves with healthy root shoot system were 
transferred to sterile vermiculate in pots. These plantlets were acclimatized, hard-
ened, and transferred to earthen pots and finally maintained in greenhouse with 90% 
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survival rate. All the regenerated plants were morphologically similar without any 
detection of somaclonal variation.

24.4  Rauvolfia serpentina (L.)

Rauvolfia serpentina (L.), commonly known as sarpagandha, is an evergreen woody 
perennial, erect shrub, distributed in Bangladesh, Bhutan, China, Indonesia, India, 
Malaysia, Nepal, Pakistan, Sri Lanka, Vietnam, and India (Anonymous 2003; Dey 
and De 2010). The plant is the source of many prized and therapeutically important 
bioactive chemicals like serpentine, reserpine, deserpidine, ajmaline, rescinnamine, 
yohimbine, etc. (Anonymous 2003), which are used from prehistoric times to cure 
and control the diseases like high blood pressure, insomnia, anxiety, insomnia, chol-
era, diarrhea, dysentery, fever, anxiety, and other disorders of the central nervous 
system and epilepsy (Ghani 1998). Reserpine is globally used as an antihyperten-
sive (Anonymous 2003). Root extract is used as laxative and also possesses thermo-
genic and  diuretic  properties. It is also used as antidote to snake venom (Ghani 
1998; Tona et  al. 1999). Poor seed viability, low germination rate, industrial 
demands, and indiscriminate collection from their natural habitat lead to its fast 
disappearance; thus, every factor contributed much to make it endangered and has 
been enlisted in Red Data Book (Ravikumar et al. 2000) of IUCN. Thus, there is an 
immediate need for its conservation, mass propagation, sustainable utilization, and 
ecorestoration. Conventional propagation can be achieved from seed, which results 
in a high degree of genetic and phenotypic variation. Micropropagation can provide 
an opportunity to obtain large number of homogeneous plants.

24.5  Effect of TDZ on Nodal Explants in Rauvolfia serpentina

An efficient and rapid in vitro propagation of R. serpentina using nodal explants has 
been standardized and described by Alatar (2015). Healthy nodal explants (15 mm) 
were excised, washed thoroughly, and inoculated on MS medium supplemented 
with different concentrations (0.1–2.5 μM) of TDZ. MS + 0.8 μM TDZ proved best 
for maximum (77%) shoot regeneration with 5.7 ± 0.28 mean shoot number and 
shoot length of 3.4 ± 0.43 cm after 4 weeks of culture (Table 24.1). However, when 
the cultures were grown continuously on the same fresh medium beyond 4 weeks, 
some negative effects due to prolonged TDZ exposure were observed. So to mini-
mize these negative effects, the responsive explants were transferred to a secondary 
medium devoid of any PGR for better growth and proliferation. Normal growth was 
observed in all cultures in secondary medium with successive increase in growth 
parameters like shoot number and shoot length up to the fifth subculture, and 
beyond which a decrease in shoot number was observed. In the second phase of the 
experiment, a pulse treatment of 4, 8, 12, or 16 days of different (5, 25, 50, 75, or 
100 μM) concentrations of TDZ was given to nodal explants in MS liquid medium 
before inoculation to MS basal medium. After 8 weeks of incubation on MS basal 
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medium, 90% regeneration was observed in 8-day treated (50 μM) TDZ explants 
with 23.1 ± 2.5 shoot mean number and mean shoot length of 5.3 ± 0.83 cm. Thus, 
short-term exposure of 50 μM TDZ for 8 days adds more effectiveness to the proto-
col with increase in regeneration frequency from 77% to 90% as compared to the 
untreated TDZ-exposed nodal segments. Microshoots (5  cm) were excised and 
transferred to MS rooting medium supplemented with different concentrations (0.1, 
0.5, 1.0, 1.5, or 2.0 μM) of IBA. After 4 weeks of incubation, 87% rooting response 
was observed on 1.0 μM IBA with a maximum root mean number of 6.9 ± 0.34 and 
mean root length of 5.2 ± 0.4 cm (Table 24.2). Rooted plantlets with six or more 
fully expanded leaves were transferred to pots filled with soilrite and were covered 
with polybags to ensure proper humidity. After 1  month of acclimatization and 
hardening, these plants were transferred to pots containing garden soil and were 
maintained in the greenhouse with 90% survival rate. Further, ex vitro stability 
parameters like chlorophyll (chl. a, chl. b), and carotenoid content, net photosyn-
thetic rate, and other biochemical parameters like SOD and CAT were studied on 0, 
7, 14, 21, and 28 days of acclimatization. The chl. a and chl. b content increased 
from 0 to 28 days of acclimatization, while carotenoid content first decreased from 
0 to 14 days and then started increasing after 14 days of acclimatization. Similarly 
net photosynthetic rate first got decreased from day 1 to day 7 and thereafter started 
increasing up to 28th day due to formation of new leaves. Maximum activity of 
SOD enzyme (23 unit, mg-1 protein) was recorded at the 7th day of transfer where 
after gradual decrease in the activity was recorded upto the 28th day at which the 
enzymatic activity became conparable to the naturally grown plant. CAT activity of 
acclimatized plants increased continuously from 2.5 to 5.1 μ mol min−1 from day 1 
to day 28. All these observations showed the regulation of plant protective mecha-
nisms against oxidative stress and cleansing of H2O2 by converting it into O2 and 
H2O and physiological stability during acclimatization period (Alatar 2015).

24.6  Rauvolfia hookeri (L)

Rauvolfia hookeri, a rare and endemic medicinal shrub of southern Western Ghats 
of India, is an evergreen flowering shrub. Its roots possess many phytochemical 
alkaloids like ajmalicine, sarpagine, and serpentine (Anonymous 1973), which are 
similar to its other family members like R. serpentina and R. tetraphylla. Thus, its 
root extract is mixed with the root extract of other Indian Rauvolfia species. Due to 
its narrow geographical distribution (Gopalan and Henry 2000), poor seed viability, 
low germination rate, increasing market demand, inefficient vegetative propagation 
methods, commercial overexploitation (Mohanan and Sivadasan 2002), large-scale 
root collection (Arora 1983), and whole plant uprooting had led to its great decrease 
in natural population in Western Ghats. Thus, there is an immediate need for its 
conservation, and micropropagation is the only way to meet its conservation 
standards.
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24.7  Effect of TDZ on Shoot Tip Explants in Rauvolfia hookeri

Ranjusha and Gangaprasad (2014) reported an efficient and successful micropropa-
gation protocol for Rauvolfia hookeri which is described here. Shoot tip explants 
collected from 2-year-old R. hookeri plant maintained in the greenhouse were inoc-
ulated on full or half-strength MS medium, enriched with various (0.41, 0.45, or 
1.36 μM) concentrations of TDZ. Among tested concentrations, 1/2 MS + 0.45 μM 
TDZ proved to be optimal for maximum 70% regeneration, with mean shoot num-
ber 1.50 ± 0.22 and 1.18 ± 0.04 cm mean shoot length per explant after 45 days of 
culture (Table 24.1). Full-strength MS medium did not respond in bud breaking and 
failed in induction of shoots. Shootlets of size 4 cm were excised and transferred to 
full- or half-strength MS rooting medium supplemented with different concentra-
tions of IBA or NAA. 1/2 MS medium supplemented with 7.38 μM IBA gave 86% 
rooting response with 3.66 ± 0.21 mean root  number and root length of 2.16 ± 
0.17 cm per shootlet after 4 weeks of incubation (Table 24.2). Healthy plantlets with 
well-developed root and shoot system were transferred to pots containing soilrite. 
These plantlets were hardened and acclimatized properly and transferred to field 
conditions with 70% survival rate with no detectable variations as proved by RAPD 
analysis of regenerated plants. The genetic stability of the regenerated plants was 
evaluated by 10 RAPD decamer primers, with an average of 4.8 reproducible bands 
per primer. Primer (OPX – 17) gave a minimum number of three bands, while OPI – 
12 produced a maximum number of seven bands. This micropropagation protocol 
developed from shoot tip explants by Ranjusha and Gangaprasad appears to be the 
first established protocol for clonal propagation with 100% genetic stability of R. 
hookeri.

24.8  Conclusion

The present communication describes efficiency of in vitro regeneration protocols 
of selected Rauvolfia species through nodal (R. tetraphylla and R. serpentina) or 
shoot tip explants (R. hookeri) without any morphological abnormalities or genetic 
changes. Summing up it can be said that TDZ is more effective in bud breaking and 
shoot multiplication at lower concentrations. Further, short-term exposure of TDZ 
up to 4 weeks is more effective than continuous exposure of TDZ that causes certain 
abnormalities like shoot distortion, fascination, and hyperhydricity in growing cul-
tures. To overcome and apprehend these negative effects of prolonged TDZ expo-
sure, the responsive cultures should be transferred to a secondary medium devoid of 
any PGRs. A positive effect on growth parameters were observed on this medium 
with better shoot multiplication and proliferation rates than other cytokinins. To 
increase the regeneration, induction, and shoot multiplication rates, a unique pre-
treatment of TDZ may be given to the explants in MS liquid medium before inocu-
lation to MS medium supplemented with different concentrations of TDZ. These 
well-established plant tissue culture protocols can be utilized for true-to-type pro-
duction of elite germplasm of other rare and endangered medicinal plants for 
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conservation and ecorestoration. It is suggested that these effective approaches of 
plant biotechnology can be employed throughout the year for high-volume produc-
tion of planting material to challenge growing human greed and industrial lust.
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25Effect of TDZ on Various Plant Cultures

Sandeep R. Pai and Neetin S. Desai

Abstract
This chapter provides the effect of thidiazuron (TDZ) on various plant cultures. 
Plant cell cultures still remain to be of great benefit to many disciplines including 
studies, viz., physiology, mechanism, etc. Apart from plant potency, this suprem-
acy can be attributed to the increase in number of plant growth regulators (PGRs). 
Growth regulators are the mile stones in plant tissue culture history. Plant growth 
regulators depict some interesting functions; they singly, in synergy or antago-
nistically, function in growth of plant. Also, their concentrations play pivotal role 
in plant response. These PGRs are categorized in one of the five classes of plant 
hormones: auxins, gibberellins (GAs), cytokinins (CKs), ethylene (C2H4), and 
abscisic acid (ABA). In recent years apart from natural PGRs available, different 
synthetic PGRs are made available. The use of thidiazuron (N-phenyl-N′-1,2,3- 
thiadiazol- 5-ylurea) has been successfully demonstrated to promote axillary 
shoot proliferation and to encourage shoot formation in plants. Recalcitrant 
woody species have been great responders to TDZ, reason being its high 
cytokinin- like activity and better response. It facilitates initiation of multiple 
shoots in many recalcitrant woody tree species. It has been observed that lower 
concentrations (<1 μM) of TDZ show greater axillary proliferation compared to 
other cytokinins. Besides, it has many adverse effects on culture, viz., higher 
concentration of TDZ causes no shoot elongation. Thus, the present chapter 
reveals the effect of TDZ on various plant cultures.

Keywords
Thidiazuron · Cytokinin · Auxin · Plant growth regulator · Recalcitrant · Woody
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25.1  Introduction

Humans have a great deal of allure toward plants, due to obvious inclusions of many 
of them in food, clothing, medicine, and other purposes. Researchers have been 
studying on various aspects of the plants to understand their system. Optimization 
on availability of the plants throughout the season has been one among the many 
other challenges which has been answered efficiently. With the emergence of bio-
technology, the things have been easy, especially plant tissue culture has played a 
pivotal role in optimizing the yield of plants. This was only possible by learning that 
plant growth can be regulated by adding some chemicals. Initial studies demon-
strated that substances isolated from human urine can regulate the plant growth, 
which was later identified as indole acetic acid, a substance that had been known for 
decades (Mitchell and Rice 1942).

Cytokinins comprise of a separate class of growth promoters; they stimulate syn-
thesis of proteins and actively take part in cell cycle control. Perhaps due to which 
they thought to promote chloroplast maturation and delay senescence in plants. 
Cytokinins when applied to plant tissue, biochemically, causes the treated part to act 
as a sink for amino acids, which then migrates to the nearby sites (George et al. 
2008), thus causing the most noticeable effect of cytokinin in the tissue. They are 
always used in ratio with auxin to encourage cell division and manage morphogen-
esis. They are known to overcome apical dominance and proclaim lateral buds from 
dormant tissues.

25.2  Thidiazuron as Cytokinin

Naturally occurring cytokinin compounds and their derivatives are available in mar-
ket. Kinetin was the first cytokinin to be discovered at professor Skoog’s laboratory 
in the University of Wisconsin. This came out as a result out of the experiemnts to 
promote continuing growth of the callus which formed on tobacco stem sections  
in vitro. Further, as George et al. (2008) mentions that chromatography of alcohol- 
soluble yeast extract fractions proved to be purine, researches for supplementary 
sources of purines were evaluated to observe the potency toward callus growth. 
Until then, extracts of herring sperm DNA showed a molecule with similar spec-
trum and chemical behavior. Its isolation and crystallization from DNA samples 
under acidic conditions lead to a new growth factor “kinetin.” This molecule stimu-
lated cell division in cells which otherwise might have become multinuclear (Miller 
et al. 1955a, b; Miller 1961a, b) and was later identified as 6-furfuryl aminopurine. 
Skoog et al. (1965) proposed the general term “cytokinin” to envelop all molecules 
that show such similar activity.

Kinetin is not accepted as natural cytokinin and has arisen as structural rear-
rangements in original isolates (Hecht 1980). There are many cytokinins naturally 
available and identified which structurally resemble to kinetin. They are structurally 
either freebases, glucosides, ribosides, or nucleotides of kinetin (Entsch et al. 1980). 
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Their utility in plant tissue culture work has been widely studied, viz., trans-zeatin 
(4-hydroxy-3-methyltrans-2-butenylaminopurine), iP (N6-Δ2isopentenyladenine), 
and dihydrozeatin (6-(4-hydroxy-3-methyl-trans-2-butenyl)aminopurine).

Higher costs of natural cytokinins (iP and zeatin) make them an unpopular choice 
for commercial routine laboratory practices; however, they are still a popular choice 
in research laboratories. Substituted purines and phenyl urea are two largely vouched 
groups of synthetic cytokinins, prevalent due to their potent cytokinin-like proper-
ties. Synthetic derivatives of natural occurring cytokinins are extremely potent; they 
chiefly include N6-substituted adenine derivatives. There are few other molecules to 
some extent structurally similar but possess such activity, such as 
4- alkylaminopteridines (Iwamura et al. 1980a, b) and 6-benzyloxypurines. Some of 
these analogues are reported to be more active than kinetin or benzyladenine (BA) 
and are particularly effective in promoting morphogenesis (Wilcox et  al. 1978, 
1981). The 1-deaza analogue of zeatin riboside (Rogozinska et al. 1973; Rodaway 
and Lutz 1985; Kaminek et al. 1987) also has cytokinin activity. Current-day litera-
ture suggests that BA and its derivatives are widely accepted forms of cytokinins. 
Topolin is one such derived group which is aromatic and naturally occurring 
cytokinins.

Natural cytokinin, viz., yeast extract or coconut milk, is used in media as organic 
supplements. Shantz and Steward (1955) demonstrated that they contain physiolog-
ically active substances including natural cytokinin zeatin and 1,3-diphenylurea. 
The two molecules in the same series are 2Cl-4PU (N-(2-chloro-4-pyridyl)-N′-
phenylurea) and 2,6Cl-4PU (N-(2,6-dichloro-4-pyridyl)-N′-phenylurea), which is 
supposed to be the most active.

A thiadiazole-substituted phenylurea, thidiazuron (TDZ) (N-phenyl-N′-1,2,3- 
thiadiazol- 5-ylurea) which was earlier registered as a cotton defoliant (Arndt et al. 
1976)with the product name “Dropp,” has demonstrated high cytokinin activity 
(Mok et  al. 1982). Diphenylurea is a rather weakly active cytokinin (Bottomley 
et al. 1963; Miller 1960; Strong 1956), but particular derivatives of N-phenyl-N′-4- 
pyridylurea exhibit cytokinin activity equal to or exceeding that of zeatin in the 
tobacco callus bioassay (Takahashi et al. 1978).

Mok and coworkers (1982) studied cytokinin property of TDZ on Phaseolus spe-
cies. The experiment was part of their study on cytokinin metabolism in species 
(Mok et al. 1978, 1979, 1980; Armstrong et al. 1981); they examined effects of TDZ 
and other substituted urea compounds on the growth of cytokinin-dependent callus 
tissues of Phaseolus lunatus cv. Kingston. It was understood that TDZ has more 
potent cytokinin activity compared to N-phenyl-N′-4-pyridylureaderivatives and 
most other active cytokinins of adenine type. It was also concluded that there are 
two derived classes of urea, (i) pyridylurea and (ii) thiadiazolyl urea, comprising of 
various compounds with cytokinin activity. It was also mentioned that these activi-
ties were equivalent or exceeding to that of the most active cytokinins of the adenine 
type (Mok et al. 1982).
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25.3  Chemistry

In recent years, TDZ appeared as a very effectual PGR in plant tissue culture experi-
ments for a wide range of species like herbs, shrubs, climbers, crop plants, and 
majorly trees (Murthy et al. 1998). Thidiazuron had a commercial impact for its 
strongest use in defoliating leaves to facilitate collection of bolls from cotton plant 
(Arndt et al. 1976). It has also proved to protect chlorophyll from degradation in 
detached leaves. TDZ exhibits a high level of activity at concentrations as low as 10 
pM for a relatively short period (Bakulev et al.). Chemically it is 1-phenyl-3-(1,2,3- 
thiadiazol- 5-yl)urea. It has been demonstrated to have herbicidal properties. TDZ 
has a chemical formula C9H8N4OS, molar mass of 220.251 g/mol, and density of 
1.51 g/cm3. Structurally it is different from both auxins and adenine-type cytoki-
nins. It possesses two functional groups, phenyl and thiadiazole. It has been demon-
strated that replacement or modifications in these groups will result in reduction of 
kinin activity of TDZ.

Thomas and Katterman (1986) demonstrated dose-dependent effect of thidia-
zuron in radish and soybean. They concluded that the general growth and cell divi-
sion stimulation become saturated at low levels of TDZ. That is, TDZ was 102 times 
more effective in the radish and 104 times more effective in soybean compared to 
purine cytokinins (Thomas and Katterman 1986).

As per physical chemistry guidelines, TDZ is found as colorless, odorless crys-
tals, white to yellow in color. It has a melting point of 210.5 °C and a vapor pressure 
of 4 × 10−6 mPa (25 °C). It is soluble in water at a rate of 31 mg/L in a neutral condi-
tion (pH 7) with temperature of 25 °C and also soluble in organic solvents (hexane, 
0.002; methanol, 4.20; dichloromethane, 0.003; toluene, 0.400; acetone, 6.67; ethyl 
acetate, 1.1 g/L 20 °C). Interestingly it has been written that TDZ rapidly gets con-
verted to photoisomer, 1-phenyl-3-(1,2.5-thiadiazol-3-yl)urea in the presence of 
light (λ >290 nm). TDZ is hydrolytically stable at room temperatures, at pH 5.9.

25.4  Mode of Action

TDZ has been used singly or in synergy with other PGRs, mainly auxins. Positive 
effects on culture of Geranium by replacing auxin and cytokinin with TDZ have 
been successfully been demonstrated (Visser et al. 1992). Further studies elucidated 
role of TDZ in induction and regeneration in many species (Murthy and Saxena 
1998). Not only this but the recalcitrant cultures successfully responded and regen-
erated to TDZ (Malik and Saxena 1992b; Murthy and Saxena 1998).

The flow of actions on treatment of TDZ involves reprogramming and expression 
of morphological and genetic cell competent to undergo development which further 
leads to morphogenesis. Studies have showed association of TDZ in metabolism of 
PGRs. TDZ earlier was categorized as cytokinin; this was because of its natural 
cytokinin-like response. Metabolism of endogenous plant growth regulators has  
a direct relation to the presence of TDZ during morphogenesis and regulates  
endogenous growth. The role of TDZ in morphogenesis is intimately related to the 
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metabolism of endogenous growth regulators. In some independent experiments, 
increased levels of endogenous auxin, ethylene, and ABA were recorded in response 
to TDZ treatment (Murthy et  al. 1995; Yip and Yang 1986; Capelle et  al. 1983; 
Thomas and Katterman 1986; Mok et al. 1987; Ji and Wang 1988; Hutchinson and 
Saxena 1996b) (Fig. 25.1).

Actions of TDZ have been discussed by many workers in details; referring to 
most of the articles, it feels like TDZ can be compared in following ways to the clas-
sical PGRs to understand the exact mechanisms (Fig. 25.2).

25.4.1  Cytokinin-Like Action

According to Mok et al. (1982), TDZ holds cytokinin-like activity, and also in sev-
eral other bioassays, the application of TDZ elicited effects in association with cyto-
kinins (Thomas and Katterman 1986; Visser et al. 1995). There are reports suggesting 
TDZ promoted synthesis and/or accumulation of endogenous cytokinins (Thomas 
and Katterman 1986; Murthy et al. 1995; Hutchinson and Saxena 1996b). Kefford 
et al. (1968) reported that this may potentially occur due to (a) increase in synthesis, 
(b) decrease in catabolism, or (c) release of biologically active cytokinin molecules 
from non-active storage forms. Interconversion of labeled cytokinin ribonucleo-
sides and ribonucleotides in the presence of TDZ and zeatin was studied by Mok 
et al. (1987)). Here, TDZ inhibited formation of nucleotides, whereas zeatin sus-
tained in production of nucleotides from ribonucleosides. This indicated involve-
ment of TDZ in regulating metabolism for production of endogenous cytokinins 
(Mok et al. 1987). Its cytokinin-like action was also evident when tissue of Phaseolus 
lunatus callus proliferated on medium with TDZ and on a cytokinin-free medium. 
This indicated positive alteration and involvement of TDZ in pathways for produc-
tion of cytokinin-active adenine derivatives bearing N6-isoprenoid side chains 
(Capelle et al. 1983).

Fig. 25.1 Chemical 
structure of TDZ (Source: 
https://pubchem.ncbi.nlm.
nih.gov/compound/thidiaz
uron#section=Top)
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Thidiazuron is structurally dissimilar to any other naturally occurring cytokinins 
especially purine based. Further, its action to induce somatic embryogenesis (SE) 
makes it different from any other purine-based cytokinins, wherein the later alone 
has never been reported to induce SE. Therefore, properties of TDZ might be appar-
ent via different mechanisms. The biological responses induced with purine-based 
cytokinins and phenylureas in the presence of competitive inhibitors and the mea-
surement of a relationship between activity and structure suggested a common site 
of action for these two groups of growth regulators (Kefford et al. 1968; Iwamura 
et al. 1980b). Recently, Nagata et al. (1993) isolated a cytokinin-specific binding 
protein (CSBP) from etiolated mung bean seedlings and showed that the association 
constant of CSBP for CPPU, a phenylurea derivative, was higher than that for 
BA. This finding clearly demonstrated the existence of a common cytokinin- specific 
binding protein for both types of compounds.

Fig. 25.2 Various PGR-like actions of TDZ
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25.4.2  Auxin-Like Action

Auxins have a vital role in differentiation of cell aggregates which are preliminary 
requirement for regeneration. TDZ has proved to induce SE in Arachis hypogea and 
Azadirachta indica (Murthy and Saxena 1998). In an independent study, Murthy 
et al. (1995) observed de novo synthesis of auxins in peanut seedlings grown on 
TDZ-containing medium. It was observed that there was an increased level of IAA 
and other monoamine alkaloid compound tryptamine in cytoplasm. It was further 
observed that the use of PCIB (2-(p-chlorophenoxy)-2-methylpropionic acid) popu-
larly known as clofibric acid which is a herbicide functioning against auxin biosyn-
thesis, for reduction of TDZ-induced somatic embryogenesis in both Geranium 
(Hutchinson et al. 1996) and Arachis hypogea. Similarly, TIBA (2, 3, 5- triiodobenzoic 
acid), an inhibitor of polar auxin transport (Thomson et al. 1973), reduced SE but 
failed to decrease auxin levels in TDZ-treated plant tissues (Hutchinson et al. 1996).

25.4.3  Ethylene-Like Action

Promotive and inhibitory effects of ethylene in somatic embryogenesis have been 
reported (Biddington 1992). Supplementation of media with TDZ for induction of 
Geranium somatic embryogenesis results in elevated levels of ethylene in the space 
of culture vessel (Hutchinson et al. 1997a). On the other hand, decrease in ethylene 
level by its inhibitor AVG (aminoethoxyvinylglycine) improved the embryogenic 
response in geranium hypocotyls. Thus, indicating ethylene can be produced as a 
negative by-product of TDZ-mediated metabolic cascade (Hutchinson et al. 1997a). 
Utilization of exogenous ethylene or 1-aminocyclopropane-l-carboxylic acid, an 
ethylene forerunner, diminished the embryogenic result to an undistinguished level 
as observed in the TDZ-actuated culture (Hutchinson et al. 1997a). Auxin-like met-
abolic response of TDZ was based on the observation of Suttle (1985, 1986) on 
2-(p-chlorophenoxy)-2-methylpropionic acid (PCIB) that inhibited TDZ-mediated 
ethylene production in cotton. Since auxin treatment additionally brought about 
expanded ethylene generation (Suttle 1984; Yip and Yang 1986), it is conceivable to 
infer that the leaf abscission may not be an immediate aftereffect of TDZ treatment 
yet rather a consequence of the auxin reaction instigated by TDZ.

25.4.4  Gibberellin-Like Action

There are not really any reports observed on coordinated balance of endogenous 
gibberellins by TDZ. In any case, a few reports propose change of TDZ-prompted 
somatic embryogenesis in geraniums (Hutchinson et al. 1997b) by GA synthesis 
inhibitors (triazoles and ancymidol), supporting that gibberellins are affected by 
TDZ. Legume seedlings growing on TDZ medium exhibited stunted growth habit 
(Murthy et al. 1995, 1998); also foliar spray or soil drenching of TDZ significantly 
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affected stem elongation making them stunted in ginseng and geranium (Sanago 
et al. 1995; Proctor et al. 1996). Woody plants regenerating into adventitious shoots 
on TDZ medium will be dwarf with short internodes (Lu 1993; Pai et al. 2017), 
which indicates changed metabolism in gibberellins. Although to what extent it 
explains connection of TDZ with gibberellins remains to be the area to be 
examined.

25.5  Thidiazuron and Its Applications

European Union banned the use of thidiazuron in agriculture. It was one of the agri-
cultural chemicals in the framework of the European Pesticides Directive 91/414/
EEC that must have an environmental and health assessment to obtain a new autho-
rization (Wikipedia). In spite of the fact being known that TDZ is modestly poison-
ous to fish and aquatic organisms and also that it is not easily biodegradable, yet it 
is utilized in different parts of the world, including United States, Australia, and 
Mexico. Since it is not extremely toxic to birds or bees, the World Health Organization 
has made substance classification as: “It was rated unlikely to present acute hazard 
in normal use.”

25.5.1  Plant-Based Applications

Each living cell of a plant body has a capacity to grow into a whole plant (totipo-
tency) by means of de novo formation of organs or somatic embryos. Plant growth 
substances (viz., auxins and cytokinins) mainly regulate the whole process of acqui-
sition of competency, dedifferentiation, and redifferentiation. Further, the above 
processes in tissue cell cultures are effectively governed by TDZ singly or in com-
bination with other PGRs.

25.5.1.1  Callus Formation
The presence of auxins in cell culture media helps in the induction of cell prolifera-
tion and callus growth. Weedicides such as 2,4-dichlorophenoxyacetic acid along 
with other synthetic auxins [naphthaleneacetic acid (NAA) and others] have suc-
cessfully and extensively been utilized in tissue culture. The importance of another 
synthetic compound “TDZ” has been observed in the induction of callus formation 
in assorted plant cultures, which has also exhibited higher rate of cell proliferation 
compared to other PGRs. For example, TDZ induced a 30-fold increase in the 
growth of callus cultures over other plant growth regulators (Capelle et al. 1983). In 
addition, the callus absorbed less TDZ than other plant growth regulators, thereby 
indicating a relatively high intrinsic activity of TDZ (Capelle et al. 1983). Apart 
from its cytokinin-like activity, TDZ is also used in the formation of callus. 
Table 25.1 enlists few such recent examples of plants in which TDZ has been used 
in combination with other PGRs from production or maintenance of callus.
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25.5.1.2  Shoot Formation
There is generous confirmation that TDZ not only helps in the induction of bud 
(axillary) break and production of adventitious buds but also plays a major role in 
shoot production of diverse crops ranging from tropical fruit trees to roots and tuber 
crops. Medium fortified with high levels of cytokinins used for culturing explants 
stimulates multiple shoots or bud formation. A comprehensive review of plants that 
have been micropropagated using TDZ as growth regulator has been published 
(Huetteman and Preece 1993; Lu 1993). TDZ has been effectively utilized in regen-
eration of wood plant species (Briggs et al. 1988; Preece and Imel 1991; Baker and 
Bhatia 1993), but without the help of high concentration of adenine type of cytoki-
nins, organogenesis is not possible. Also, TDZ has been utilized adequately in spe-
cies in which purine-type cytokinins were incapable. In any case, there have been 
reports of issues with transformation of TDZ-induced shoots into complete plant-
lets, poor shoot elongation, and inadequate rooting (Huetteman and Preece 1993; 
Lu 1993). This debilitated development of TDZ-induced regenerants may come 
about because of utilization of supraoptimal levels of TDZ in the media or the pres-
ence of the compound in cultured tissues. Table  25.2 provides an insight in the 
published recent literature, wherein TDZ has been used in shoot formation.

25.5.1.3  Somatic Embryogenesis
Exogenous auxin to cytokinin ratio plays an important role in production of embryo-
genetic tissues especially somatic embryos. TDZ singly has been found to substitute 
for both the auxin and cytokinin prerequisite of substantial embryogenesis in numer-
ous species (Saxena et al. 1992; Visser et al. 1992; Gill et al. 1993). Addition of 
TDZ in culture media invigorated in vitro somatic embryogenesis in Nicotiana (Gill 
et al. 1993), Arachis hypogea (Saxena et al. 1992; Murthy et al. 1995), geranium 
(Visser et al. 1992), chickpea (Murthy et al. 1996), neem (Murthy and Saxena 1998), 
and St. John’s wort (Murch et  al. unpublished information), at a significantly  
higher rate compared to the known phytohormones. In different cases, concurrent 

Table 25.1 Use of TDZ in formation of callus

Plant name TDZ (mg/l) Other PGR (mg/l) References
Phalaenopsis spp. 0.5 2,4 D (0.5) Chen et al. (2000)
Crocus spp. 4.0 NAA (4.0) Verma et al. (2016)
Aconitum balfourii 0.5 NAA (1.0) Gondval et al. (2016)
Fragaria × ananassa 0.2 and 0.5 2, 4 D (0.02) Cappelletti et al. (2016)
Hypericum triquetrifolium 0.4 IAA (0.5) Azeez et al. (2017)
Curcuma soloensis 2.5 uM BA (1.2 uM), 2, 4 D 

(1.2 uM)
Zhang et al. (2011)

Cymbidium spp. 0.01 NAA (0.1) Huan et al. (2004)
Artemisia absinthium 2.0 NAA (1.0) Tariq et al. (2014)
Digitalis spp. 0.5 IAA (0.25) Cingoz et al. (2014)
Mangosteen 2.25 uM BA (2.22) Te-chato and Lim 

(2000)
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production of shoots and somatic embryos has additionally been recorded (Bates 
et al. 1992). Despite the fact that the activity of TDZ as a cytokinin-like compound 
is all around archived, the previously mentioned reports of somatic embryogenesis 
give proof to a part of TDZ in regulation of auxin metabolism, as the enlistment of 
somatic embryogenesis is a response usually connected with auxins.

A novel arrangement of TDZ-induced regeneration is the improvement of 
somatic embryos on intact seedlings (Malik and Saxena 1992b). Somatic embryos 
developed at various sites on intact pea, peanut, and chickpea seedlings germinated 
on TDZ-fortified media. In purine cytokinin BA (N 6-benzyladenine) utilization as 
a part of a similar procedure, de novo shoots appeared at the regenerative area,  
demonstrating that the TDZ-initiated somatic embryogenesis is not exclusively a 
cytokinin- dependent response. Despite the fact that the seedling culture system was 
initially produced for recovering substantial seeded legumes, viz., pea, bean, and 
peanut, this system has been therefore utilized as a part of a wide assortment of dif-
ferent plants including geranium (Quresbi and Saxena 1992) and neem (Murthy and 
Saxena 2015). The following table depicts the use of different concentrations of 
TDZ along with other PGRs to achieve somatic embryos (Table 25.3).

25.5.1.4  Protoplast Culture
Plant regeneration from protoplasts more often than not continues through a callus 
stage; in any case, somatic embryogenesis might be started from the protoplast- 
derived cells (Song et al. 1990). The significance of the nearness of both auxin and 
cytokinin in the cultures to stimulate protoplast division and development is well 
studied (Cook and Meyer 1981), and henceforth, most protoplast culture media con-
tain mixture of auxins and cytokinins. TDZ (in combination with auxins like NAA, 

Table 25.2 Use of TDZ in shoot formation in different plant species

Plant name TDZ (mg/l) Other PGRs (mg/l) References
Phalaenopsis spp. 0.5 2,4 D (0.5) Chen et al. (2000)
Aconitum balfourii 0.5 – Gondval et al. (2016)
Solanum tuberosum 2.0 – Sherkar and Chavan
Oryza sativa 0.5 BAP (0.5), Kn (1.5), 

NAA (0.5)
Dina et al. (2016)

Brassica oleracea 0.33 and 
0.088

Adenine (79.70) 
and IAA (0.22)

Gambhir et al. (2017)

Curcuma soloensis 2.5 uM BA (9.0 μM),  
NAA (1.2 μM)

Zhang et al. (2011)

Swertia lawii 3.0 IBA (0.3) Kshirsagar et al. (2015)
Ancistrocladus heyneanus 6.81 uM BAP (13.31 uM) Pai et al. (2008)
Achyranthes aspera 0.1 BAP (3.0) Pai et al. (2017)
Strawberry 0.5 2, 4 D (0.02) Cappelletti et al. (2016)
Blueberry 0.5 2iP (0.2) Cappelletti et al. (2016)
Agapanthus praecox 4.5 uM BA (22.2 uM),  

IAA (2.9 uM)
Baskaran and Van Staden 
(2013)
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naphthoxyacetic acid (NOA), or 2,4-D) at various levels (0.001–20 btM) has been 
utilized amid introductory periods of cell wall formation around protoplasts, initia-
tion of cell division (Chupeau et al. 1993; Reustle et al. 1995), and in later stages to 
complete the recovery from protoplast-derived callus (Lenzner et al. 1995). Wallin 
and Johansson (1989) showed that TDZ supported division of leaf protoplasts of 
apple at a superior rate than either BA or zeatin. Likewise, TDZ was more viable 
than kinetin and zeatin for development of willow (Salix viminalis L.) protoplast 
cultures (Vahala and Eriksson 1991). Chupeau et al. (1993) reported that TDZ was 
more successful at lower levels compared to adenine-type cytokinins. The role of 
TDZ in induction of regeneration from protoplast cultures is by all accounts to a 
great extent a cytokinin-like response, yet the correct mechanism for this impact 
stays undetermined.

25.5.1.5  In Vivo Regeneration
The effectiveness of TDZ as an inductive molecule for morphogenesis is not 
restricted to tissue culture systems. Sanago et al. (1995) found that TDZ actuated 
the arrangement of regenerative outgrowths on root tissues and adventitious shoots 
at the crown region of greenhouse-grown geraniums. Also, pot-developed 
Spathiphyllum plants splashed with TDZ created countless shoots, both at and 
beneath soil levels (Henny 1995). Proctor et al. (1996) observed the arrangement of 
adventitious buds on the shoulders of ginseng tap roots when TDZ was applied 
either as foliar shower or soil soaked. This solid relationship among TDZ and mor-
phogenic forms instigated in vitro and in vivo is exclusive to the molecule and gives 
a few experimental systems for surveying the biochemical responses to TDZ and 
additionally researching the variables that manage plant morphogenesis.

Thidiazuron does not degrade by cytokinin oxidase and is stable (Mok et  al. 
1987). It is considered more active compared to BAP or zeatin, and a lower concen-
tration of it is effective in tissue culture experiments. TDZ is more efficient in most 
of the species yet had made a noteworthy accomplishment in woody species. A por-
tion of the impediments revealed in a few species include hyperhydricity of shoots 

Table 25.3 Use of TDZ in induction of somatic embryos in various plant species

Plant name TDZ (mg/l) Other PGRs (mg/l) References
Crocus spp. 2.0 IAA (2.0) + BAP (2.0) Verma et al. (2016)
Mirabilis jalapa 0.5 BAP (2.0) Rohela et al. (2016)
Lachenalia 
montana

1 uM 2, 4 D (0.5 uM) Baskaran and Van Staden (2017)

Crocus olivieri 2.0 IAA (2.0) Verma et al. (2016)
Malaxis densiflora 6.80 2, 4 D (3.39) Mahendran and Bai (2016)
Crocus sativus 2.5 uM Picloram (2.00 uM) Devi et al. (2014)
Lachenalia 
viridiflora

1.0 uM Picloram (2.50 uM) Kumar et al. (2016)

Digitalis trojana 1.0 IAA (0.5) Verma et al. (2012)
Cajanus cajan 10.0 uM – Singh et al. (2003)
Azadirachta sp. 1.0 uM – Gairi and Rashid (2004)
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(Debergh et al. 1992; Briggs et al. 1988; Cousineau and Donnelly 1991), anomalous 
leaf morphology (van Nieuwkerk et  al. 1986; Cambecedes et  al. 1991), shorter 
internodes and smaller shoots (Fasolo et  al. 1989; Meyer and van Staden 1988; 
Desai et al. 2016), and trouble in prolongation and establishing of recovered shoots 
(Meyer and Kerns 1986; Meyer and van Staden 1988). In such cases, hyperhydricity 
can be overwhelmed by utilizing unlocked profound petri dishes in the shoot initia-
tion stage, vented caps in the shoot lengthening stage, or higher levels of gelling 
agent. Shoot quality can be enhanced by utilizing a mixture of TDZ and purine 
cytokinin (Briggs et al. 1988). Preece and Imel (1991) accounted that the majority 
of shoots regenerated on TDZ medium were short, yet elongated after shifting them 
to medium containing IBA and 2iP. To overcome other issues mentioned above, 
explants ought to be prompted with the most minimal successful TDZ concentration 
and continued TDZ medium for the slightest time that is required for each species 
(Lu 1993). In another investigation, Pawar et  al. (2015) discovered unfavorable 
impact of TDZ on nature of callus and content of proline and glutamine in rice.

Conclusively, in years of its usage since its revelation, TDZ has demonstrated to 
advance in its application from basic cytokinin to every single other feature of plant 
tissue culture. Impact of any PGR rely upon many factors as fixation, levels of dif-
ferent endogenous PGR, ecological conditions, signaling factors, and for the most 
part affectability of plant species. In this manner, it is hard to anticipate the activity 
of exogenous utilization of any PGR including TDZ for new plant system. A scru-
tiny of writing uncovers that it has effectively been utilized to induce axillary or 
adventitious shoot multiplication in various plant species including herbaceous and 
perennials. Less has been comprehended about the activity of TDZ on morphogen-
esis and furthermore its biochemical and physiological basis. In any case, studies 
done on different species and tissue culture response of TDZ have laid more exten-
sive application in plant tissue culture.

Acknowledgement Authors are indebted to the Head of Amity University, Mumbai.
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Abstract
Orchids are among the elite of flowering plants, fetching a very high price in the 
international market. The orchid industry of today is dependent on micropropa-
gation for planting material, since orchid seeds lack a functional endosperm and 
do not germinate naturally without a fungal association. Proper growth and 
maintenance of orchid plantlets in tissue culture require an external supply of 
growth regulators. Recently, thidiazuron (TDZ) has surfaced as an effective bio-
regulant in plant  cell and tissue cultures by virtue of its morpho-regulatory 
potential. It is reported to be the matchless synthetic cytokinin available and has 
significantly improved the in  vitro regeneration and multiplication of species 
recalcitrant to propagation. This chapter summarizes the various developments 
and recent advancements in the application of TDZ for tissue culture of orchids.

Keywords
Orchids · Thidiazuron · Micropropagation

26.1  Introduction

Orchids occupy the pinnacle in the world of ornamental plants because of their colos-
sal horticultural importance and fetch a very high price in the international market. 
They are a group of extremely interesting plants possessing floricultural, commer-
cial and therapeutic values that have been used in traditional healing system of 
medicine as well as in the treatment of a number of diseases in many parts of the 
world (Bastin and Jeyachandran 2015).
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In nature, seedling orchids are found only rarely, usually at the bases of mature 
orchid plants. Though the orchid pods contain thousands of powdery seeds, they 
rarely germinate and are difficult to use directly in the field for mass propagation. 
This could be attributed to the fact that orchid seeds lack a metabolic machinery and 
functional endosperm and require a fungal association for germination.

The primary method used by orchid breeders for orchid seed germination is the 
asymbiotic method in which seeds are cultured aseptically on a nutrient medium 
supplemented with a simple carbon source such as sucrose (Tan et  al. 1998). 
Successful asymbiotic germination of orchid seeds has been reported for many 
species. During seed germination, the embryo first forms tuberose PLBs (Protocorm 
like bodies), that eventually develops into a complete plant.

Formulation of the growth medium which includes a right combination of growth 
hormones/growth adjuvants is a very essential component in the tissue culture of 
orchids. In the above context, thidiazuron (TDZ) a cytokinin-like substance is gain-
ing importance in the tissue culture of orchids.

This chapter focuses on the application of thidiazuron in the micropropagation of 
orchids and attempts to provide an account of its mechanism of action and recent 
advances.

26.2  General Outline of Orchid Tissue Culture

26.2.1  Media Formulation

The very first step is the formulation of an appropriate medium. In general, a tissue 
culture medium contains micro- and macronutrients  that the plant needs. The 
medium also contains organic compounds such as hormones, carbohydrates, and 
vitamins. The appropriate ratio of auxin/cytokinin varies for different species. 
Sucrose is used as a common source of carbohydrate in concentrations of 2–4%, but 
glucose can also be used if necessary. Vitamins are added as thiamin and nicotinic 
acid at 0.5  ppm  concentration. In some cases citric acid is added to the media 
because it is beneficial in preventing browning and cell death during the subcultur-
ing steps. Usually agar, or an agar substitute called Gelrite, is used as the gelling 
agent and is added at 0.5–0.6%. The medium is autoclaved at about 120 °C and 
15 psi for 20 min to make it sterile (Liam 2014).

26.2.2  Selection of Explant

Only the healthiest and ideal plant material is seleted for use as an explant. Orchid 
tissue culture could be done using wide variety of explants including meristems, 
shoot tips, immature embryos, etc. (Liam 2014).

R. Mohanraj



457

26.2.3  Sterilization of Explant

The selected explant is surface sterilized and inoculated on a sterile medium under 
aseptic conditions.

The glassware containing the culture is placed into a growth chamber at a  
temperature of  25  °C and at an appropriate photoperiodicity. This step is called 
“establishment” since during this phase the cells multiply and become established 
to their environment (Liam 2014).

26.2.4  Subculturing

Subculturing is done after a few weeks of culture. During this stage, the explants are 
removed from their culture tubes and reinoculated on to fresh media. This is done 
so as to maintain a stable culture. When shoots have developed, they are excised and 
placed into tubes with a tissue culture medium that supports rooting. The medium 
for rooting is generally supplemented with  a slightly higher auxin concentration 
(Liam 2014).

26.2.5  Acclimatization

The acclimatization phase prepares the young plantlets to adapt themselves to the ex 
vitro conditions. Plantlets are removed from their culture tubes and are washed to 
remove any remaining culture medium. The plantlets are now placed in a potting 
medium, typically containing sphagnum moss and peat. They are kept under a mist 
to prevent desiccation and brought gradually  to common greenhouse conditions 
(70% humidity, 21–24 °C, and a 16 light to 8 h dark photoperiod) (Liam 2014). 
The various steps involved in the tissue culture of orchids are showin the following 
diagram (Fig. 26.1).

26.3  Thidiazuron in Orchid Tissue Culture

Thidiazuron has been used in the recent past to achieve success in orchid micro-
propagation. This section attempts to provide an account of such cases.

Thidiazuron (TDZ) was used to obtain shoot regeneration of the epiphytic orchid 
Xenikophyton smeeanum (Reichb. f.) from shoot tip sections and protocorm-like 
bodies (PLBs) by Gangadhar et al. (2011).

High-frequency direct shoot proliferation was induced from the shoot segments 
of three epiphytic orchids, Cymbidium aloifolium, Dendrobium aphyllum and 
Dendrobium moschatum on Murashige and Skoog’s medium supplemented with 
N6-benzyladenine(BA) or thidiazuron (TDZ). Thidiazuron was found to be more 
effective in inducing shoot proliferation at 2.2–4.5 PM (Nihar Ranjan Nayak 1997).
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Yung-i Lee and Nean Lee (2003) reported that, in Cypripedium formosanum, an 
endangered slipper orchid species, totipotent callus, could be induced from seed- 
derived protocorm segments on a quarter-strength Murashige and Skoog medium 
containing 4.52 μM 2,4-dichlorophenoxyacetic acid and 4.54 μM thidiazuron.

It has been reported by Malabadi et al. 2004 that Protocorm-like bodies could 
be observed in Vanda coerulea when thin shoot tip sections were cultured on Vacin 
and Went’s (1949) basal medium supplemented with 11.35  μM thidiazuron. 
Treatment with thidiazuron for four weeks resulted in the highest percentage of 
protocorm-like bodies that survived and ultimately produced healthy shoots with two 
to three leaves. However, prolonged culture for more than 8 weeks with thidiazuron 
resulted in the development of fasciated or distorted shoots (Malabadi et al. 2004).

Natarajan Kannan 2009, formulated  shoot regeneration media for Cymbidium 
with MS mineral salts and vitamins along with 0.05–0.15 mg dm-3 thidiazuron and 
0.1 mg dm-3 NAA (Natarajan Kannan 2009).

Seed-derived protocorm sections of Phalaenopsis gigantea were cultured on 
solidified New Dogashima Medium basal medium containing 0–5.0 mg l-1 BA or 
0–1.0 mg l-1 thidiazuron. It was observed that sections cultured on the media con-
taining low concentrations of BA or thidiazuron multiplied faster as compared to 
those cultured on other media with higher concentrations of BA and the control 
medium. Also, thidiazuron concentration of 0.1–0.3 mg l-1 increased the percent-
age of protocorm sections that proliferated (Latip et al. 2010).

Fig. 26.1 Process diagram for the general steps of orchid tissue culture
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Micropropagation of the endangered orchid, Rhynchostylis retusa, was con-
ducted by culturing explants on half-strength Murashige and Skoog medium con-
taining thidiazuron alone or in combination with naphthalene acetic acid and 
activated charcoal. It was observed that higher concentrations of NAA and lower 
concentrations of TDZ produced  superior shoots and roots (Aung Htay Naing 
et al. 2010).

When the effect of N6-benzyladenine and thidiazuron on the in vitro induction 
of protocorm like bodies was studied in Dendrobium it  was found that thidia-
zuron was an effective inducer of protocorm like bodies and their proliferation than 
BA (Panjan and Kamnoon 2011).

A study on  the effect of plant growth regulators on in  vitro propagation of 
Cymbidium faberi demonstrated that the optimal medium for adventitious shoot 
induction was 1/2 MS + 1.0 mg/L thidiazuron (TDZ) + 0.5 mg/L NAA (Tao et al. 
2011).

A protocol for the induction of callus from hybrid Cymbidium was developed by 
substituting KIN with thidiazuron, Teixeira da Silva (2012).

The effects of culture media, sucrose concentrations, and plant growth regulators 
on adventitious shoot regeneration from shoot tip culture of V. coerulea were stud-
ied by Jitsopakul et al. (2013). It was reported that the combination of 0.5 mg/l NAA 
and 2 mg/l TDZ gave the optimal number of roots per explant and plantlet height 
after 3 months of culture.

An efficient mass propagation protocol through direct shoot bud formation from 
axenic nodal segments of D. chrysanthum was reported by Hajong et al. (2013). The 
maximum frequency of explants forming buds, highest number of shoots/explant, 
the bud forming capacity index of 14.33, and the maximum length of shoots were 
obtained in MS medium supplemented with 5 μM each of thidiazuron and BAP. The 
authors note that the protocol developed will not only help to alleviate the pressure 
on the natural population under stress but will also help in meeting its demands in 
pharmaceutical and ornamental industries and also form the basis for conservation 
(Hajong et al. 2013).

Effects of chitosan and thidiazuron combinations on multiplication, differentia-
tion, and genetic stability of Phalaenopsis gigantea protocorm like bodies (PLBs) 
were investigated using different media combinations by Samarfard (2014). PLBs 
were cultured in solid New Dogashima medium and Vacin and Went medium sup-
plemented with different concentrations of chitosan and thidiazuron. The study 
revealed that ND medium with 10 mg·L−1 chitosan and 0.1 mg·L−1 thidiazuron is 
most effective in the production of PLBs (Samarfard 2014).

Protocorm-like bodies (PLBs) were induced from the pseudostem segments of 
Dendrobium nobile, using thidiazuron, by Bhattacharyya et  al. (2014). It was 
reported that, although PLB induction was observed at higher concentrations of 
thidiazuron, plantlet regeneration from those PLBs was affected adversely. A com-
bination of 1.5 mg/l TDZ and 0.25% activated charcoal was found to be the best for 
rooting (Bhattacharyya et al. 2014).
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Asymbiotic in vitro propagation of the mature seeds obtained from undehisced 
green pod of Vanda testacea, was carried out by transferring  the PLBs to 
medium supplemented with 0.20 mg/l thidiazuron (Sebastinraj et al. 2014).

Balilashaki et  al. (2014) attempted to micropropagate  Phalaenopsis amabilis 
using flower stalk nodes and sterile leaves obtained from node cultures. Results of 
the study indicated that the production of protocorms increased with an augmented 
concentration of thidiazuron.

Bastin and Jeyachandran (2015) used ten different media for orchid seed germi-
nation in Trichoglottis tenera. One of the media tried was thidiazuron (TDZ 0.2–
2.0 mg/l), coconut water (15% ml/l), and banana powder (0.4% mg/l), and another 
one was full- and half-strength Murashige and Skoog (MS) medium (1962) fortified 
with different combinations of plant growth regulators, i.e., 6-benzylaminopurine 
(BAP 0.2–2.0 mg/l and 0.1–1.0 mg/l), α-naphthalene acetic acid (NAA 2.0–0.2 mg/l 
and 0.2–2.5 mg/l), kinetin (1.0–1.0 mg/l), thidiazuron (0.2–2.0 mg/l), coconut water 
(15% ml/l), and tomato powder (4.0% and 0.4%) (Bastin and Jeyachandran 2015).

A mass propagation protocol for Dendrobium Indonesia Raya “Ina” via somatic 
embryogenesis pathway in producing high-qualified seedlings was successfully 
established by Rachmawati et al. (2015). It was observed that shoot tips derived 
from in  vitro plantlets cultured on half-strength MS semisolid medium supple-
mented with 1.5 mg/L thidiazuron and 0.5 mg/L BAP resulted in the shortest embry-
onic callus initiation time.

Kou et al. (2016) reported that thidiazuron, which has the potential to affect the 
level of endogenous auxins and cytokinins, triggers PLB formation and plantlet 
regeneration in Rosa canina. Their results demonstrate that different cells in rhizoid 
tips acquired regeneration competence after induction by thidiazuron.

Dini and Iriawati (2016) conducted a study to examine the best medium and 
explants for regeneration of Phalaenopsis “Join Angle x Sogo Musadian.” In vitro 
and in vivo roots and leaves were cultured in half-strength Murashige and Skoog 
medium supplemented with various combinations of plant growth regulators (TDZ, 
2,4-D, NAA, BAP, and IAA). A medium containing 1 ppm thidiazuron and 2 ppm 
2,4-D was found to be beneficial for the regeneration of PLBs from in vitro leaf 
explants.

A study aimed at determining the effect of coconut water on seed germination 
and embryo development, as well as the effect of NAA on shoots development of 
Dendrobium antennatum, was conducted by Utami and Hariyanto (2016). MS 
medium supplemented with 1 mg/L thidiazuron +1 mg/L NAA was found to be the 
most suitable for shoot development.

Deepak and Shashi  2016, compared  the germination of Herminium lanceum 
seeds at different stages of embryo development on four diiferent media. The maxi-
mum number of shoots per culture from PLBs were found to develop on BM + 
4 μM TDZ and the best rhizogenic response was obtained using BM + 4 μ M TDZ 
+ 0.1 μM IBA (Deepak and Shashi 2016).
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26.4  Mode of Action of Thidiazuron

Originally developed for mechanized harvesting of cotton bolls, thidiazuron 
(N-phenyl-N′-1,2,3-thiadiazol-5-yl urea), a substituted phenylurea compound, has 
manifested itself as a highly potent bioregulant of morphogenesis in the tissue cul-
ture of a wide variery of plant species. It has been reported that thidiazuron in cul-
ture induces a diverse array of responses ranging from induction of callus to 
formation of somatic embryos. Though structurally different from either auxins or 
purine-based cytokinins, thidiazuron mimics both auxin and cytokinin effects on 
growth and differentiation of cultured explants. Studies have pointed out that thidi-
azuron might exhibit its action directly through modulation of the endogenous plant 
growth regulators, or as a result of induced stress. Thidiazuron could also act via 
modifications in cell membranes, energy levels, nutrient uptake, or nutrient assimi-
lation. While a low  concentration of thidiazuron  induces axillary shoot prolifera-
tion, a higher fraction induces adventitious shoot development (Murthy 1998).

It has been hypothesized that thidiazuron induces regeneration through a meta-
bolic cascade that begins with a  signaling event, followed by  accumulation, and 
transport of endogenous plant signals such as auxin and melatonin, a system of 
secondary messengers, and a concurrent stress response (Jones et al. 2007).

26.5  Conclusion

The findings listed in this chapter lead us to conclude that thidiazuron is one of the 
most effective synthetic cytokinins for regeneration of orchid seedlings. It has been 
observed in various instances that the use of thidiazuron in combination with other 
growth regulators improves regeneration. Also, it should be noted that many of the 
studies on orchid tissue culture suggest that a low concentration of thidiazuron is 
highly beneficial for regeneration. In spite of the numerous instances of success 
using thidiazuron, further research on the exact mechanism of action is warranted.
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27Thidiazuron as an Elicitor 
in the Production of Secondary 
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Abstract
The secondary metabolites are known to play a major role in the adaptation of 
plants to their environment. They are also used by humans as food additives and 
as pharmaceuticals. Various strategies have been developed to improve the pro-
duction of secondary metabolites in plant cell and tissue culture. Strain improve-
ment, methods for the selection of high-producing cell lines, medium 
optimizations, and treatment of the undifferentiated cells with abiotic or biotic 
elicitors such as heavy metals, chitosan, methyljasmonate, salicylic acid, and 
thidiazuron (TDZ) can lead to an enhancement in secondary metabolite produc-
tion. TDZ, a substituted phenylurea (N-phenyl-1,2,3-thiadiazol-5-yl urea), has 
gained a considerable attention during the past decades due to its efficient role in 
plant cell and tissue culture. TDZ has shown both auxin- and cytokinin-like 
effects, although, chemically, it is totally different from commonly used auxins 
and cytokinins. A number of physiological and biochemical events in cells are 
induced or enhanced by TDZ. To attain continuous and quick industrial produc-
tion, when used in the appropriate concentration, the addition of stimulants such 
as TDZ to the growing medium will contribute to production of secondary 
metabolites.
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Plants are an important part of our daily diet. In addition to essential primary metab-
olites (e.g., amino acids, carbohydrates, and lipids), bioactive compounds produced 
by plants have been used for centuries as dyes, food additives, pigments, pesticides, 
cosmetic products and perfumes, and various chemical substances (Balandrin and 
Klocke 1988). Since the early days of mankind, plants with natural compounds also 
have been used by humans to health disorders and illness (Wyk and Wink 2004). 
Even today, the World Health Organization is predicting that up to 80% of people 
still based on traditional remedies for their medicines (Katzung 1995; Pezzuto 1996; 
Roberts 1988). They are the traditional source of many chemicals used as pharma-
ceuticals (Barz and Ellis 1981; Deus and Zenk 1982). Medicinal plants that are the 
most important source of lifesaving drugs are mainly used as crude drugs and 
extracts. Many effective and active substances are used in the form of isolated com-
pounds, including many alkaloids such as ajmaline (antiarrhythmic), berberine 
(psoriasis), caffeine (stimulant), capsaicin (rheumatic pains), codeine (antitussive), 
colchicines (gout), ephedrine (stimulant), galantamine (acetylcholinesterase inhibi-
tor), morphine (pain killer), papaverine (phosphodiesterase inhibitor), pilocarpine 
(glaucoma), quinine (antimalarial), reserpine (antihypertensive), scopolamine 
(travel sickness), yohimbine (aphrodisiac), and various types of cardiac glycosides 
(heart insufficiency) (Wink et al. 2005), glycosides, flavonoids, volatile oils, tan-
nins, resins, etc. (Karuppusamy 2009; Namdeo 2007). In recent years, natural prod-
ucts have been replaced by synthetic drugs.

Secondary metabolites play an important role in the adaptation of plants to their 
environment and at the same time constitute an important pharmaceutical source 
(Rao and Ravishankar 2002). Biotechnological technologies will extend and 
enhance the usefulness of plants as renewable resources of valuable chemicals. 
There has been considerable interest in plant cell cultures as an alternative to tradi-
tional agriculture for the industrial production of secondary metabolites (Dicosmo 
and Misawa 1985). The advantage of this method is that it can ultimately provide a 
continuous, reliable source of natural products. Plant cell and tissue cultures can be 
generated in artificial nutrient media under aseptic conditions from meristematic 
cells, callus cells, and explants such as plant leaves or stems or organs. The major 
advantages of cell cultures include (1) synthesis of bioactive secondary metabolites 
is running in controlled environment, independently from climatic and soil condi-
tions; (2) negative biological influences that affect secondary metabolites produc-
tion in the nature are eliminated (microorganisms and insects); (3) it is possible to 
select cultivars with higher production of secondary metabolites; and (4) with 
automatization of cell growth control and metabolic processes’ regulation, cost 
price can decrease and production increase (Mulabagal and Tusay 2004).

Most of these secondary metabolites are isolated from wild or cultivated plants 
because their chemical synthesis is extremely difficult and not economical (Namdeo 
2007). The production of these compounds is often less than 1% of the dry weight 
and depends on the developmental stage and physiological condition of the plant 
(Oksman-Caldenteyl and Inze 2004; Dixon 2001). Biotechnological approaches, 
particularly plant tissue culture, play a crucial role in increasing the production of 
desired medical compounds from plants (Rao and Ravishankar 2002). All plants 
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also utilize other metabolic pathways producing compounds that are not used in 
growth and development: these are secondary metabolites. These pathways are usu-
ally species specific and can only be activated at certain stages of growth and devel-
opment or at abiotic and biotic stress conditions. The dividing line between primary 
and secondary metabolism is indistinct because many of the intermediates in pri-
mary metabolism are also intermediates in secondary metabolism (Yeoman and 
Yeoman 1996).

The production of secondary metabolites in plant cell suspension cultures has 
been reported from various medicinal plants. The production of solasodine from 
calli of Solanum elaeagnifolium and pyrrolizidine alkaloids from root cultures of 
Senecio sp. are examples (Nigra et al. 1987; Toppel et al. 1987). Cephaeline and 
emetine were isolated from callus cultures of Cephaelis ipecacuanha (Jha et  al. 
1988). Scragg et al. isolated quinoline alkaloids in significant quantities from globu-
lar cell suspension cultures of Cinchona ledgeriana. Capsaicin is obtained from 
Capsicum annuum L. (Islek et al. 2016). Enhanced indole alkaloid biosynthesis in 
the suspension culture of Catharanthus roseus has also been reported (Zhao et al. 
2001).

The production of large-scale plant secondary metabolites can be technically 
performed in the bioreactors (Tripati and Tripati 2003). The use of this method for 
large-scale production of secondary metabolites has been limited since the low and 
unreliable yields of products to date (Rao and Ravinkhasar 2002). It can be applied 
for some expensive products, but some of the most interesting products are pro-
duced in very small quantities, while others cannot be produced in plant cell or tis-
sue cultures. However, there are a few examples: shikonin production by cell 
suspension cultures of Lithospermum erythrorhizon, berberine production by cell 
cultures of Coptis japonica (Fujita and Tabata 1987), rosmarinic acid production by 
cell cultures of Coleus blumei, sanguinarine production by cell cultures of Papaver 
somniferum (Ulbrich et al. 1985; Eilert et al. 1985) of using plant cells as factories 
successfully to produce high-value secondary metabolites (Namdeo 2007).

Various strategies such as strain improvement, methods for the selection of high- 
producing cell lines, medium optimizations that may lead to 20–30-fold increase 
(Verpoorte et al. 2002), and elicitors have been developed to improve the production 
of secondary metabolites. This means that the maximization of the production and 
accumulation of secondary metabolites (Mulabagal and Tsay 2004).

Recently used elicitation is the induction of secondary metabolite production by 
either biotic or abiotic treatments (Johnson et al. 1991). In vitro plants and/or plant 
cell responses to biotic (microbial) or abiotic (physical or chemical) factors are 
known as “elicitors.” Elicitation is a process by which plants induce or enhance the 
synthesis of secondary metabolites and ensures their survival, persistence, and com-
petitive power (Namdeo 2007). The production of secondary metabolites can be 
enhanced by the treatment of the undifferentiated cells with elicitors such as meth-
yljasmonate, salicylic acid, chitosan, thidiazuron, and heavy metals (Alatar 2015; 
Guo et al. 2011; Islek et al. 2016). Metabolites are induced or increased biosynthe-
sis when the elicitor is added in trace amounts (Radman et al. 2003).
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Elicitors can be classified on the basis of their “nature” like abiotic elicitors or 
biotic elicitors or on the basis their “origin” like exogenous elicitors and endoge-
nous elicitors. Biotic and abiotic elicitors allow the reduction of process time to 
achieve high product concentration (Barz et  al. 1988; Eilert 1987; Dicosmo and 
Tallev 1985).

TDZ, also used as an elicitor, has gained importance for decades due to its active 
role in plant cell and tissue culture (Guo et  al. 2011). TDZ was synthesized by 
German Schering Corporation for defoliation of cotton (Gossypium hirsutum) 
(Arndt et  al. 1976). TDZ, a modified phenylurea (N-phenyl-1,2,3-thiadiazol-5-yl 
urea), is a potent plant growth regulator with oxine and cytokinin-like activity in 
various culture systems (Khan et  al. 2006). However, it is totally different from 
chemically widely used oxine and cytokinins. TDZ activity may exceed even that of 
most active adenine-type cytokinins (Mok et al. 1982). It is a light yellow- crystalline 
chemical that is slightly soluble in water but soluble in higher levels in organic sol-
vents such as ethanol, acetone, benzene, DMSO, etc. (Murthy 1997). TDZ emerged 
as an effective bioregulant in cell and tissue cultures in a wide array of plant species 
(Hosseini-Nasr and Rashid 2000; Li et al. 2000; Matand and Prakash 2007; Svetla 
et al. 2003). Although the mode of action is not yet fully understood, some physio-
logical and biochemical events in cells are induced or increased by TDZ (Guo et al. 
2011; Vijaya et al. 2010). It causes a variety of morphogenic responses ranging from 
tissue proliferation to the induction of shoot buds and somatic embryos (Alatar 
2015; Siddique and Anis 2007). TDZ is also known to stimulate strong shoot growth 
activity in many plant species (Dhavala and Rathore 2010; Kumar and Srivastava 
2015; San et al. 2015).

Phyllanthin and hypophyllanthin amounts of callus from node and leaf explants 
of Phyllanthus amarus used in traditional folk medicine in India due to many phar-
maceutical applications [including use in the treatment of fever, jaundice, ascites, 
hemorrhoids, frequent menstruation, skin ulcer, and diabetes mellitus (Rai and 
Mehrotra 2007) and hypoglycemic, antibacterial, antifungal, and antiviral (Sharma 
et al. 2001), antinociceptive (Santos et al. 2000), antitumor (Islam et al. 2008), anti-
mutagenic (Kumar and Kuttani 2005), and anti-inflammatory (Kiemer et al. 2003) 
properties] doubled when TDZ was applied to their culture (Unander et al. 1995; 
Sharma et al. 2001).

Merwilla plumbea, sold at herbal markets in South Africa, is a popular but threat-
ened traditional medicinal plant. Due to high demand, commercial production is 
being done. When growth regulators such as TDZ were added to the growing 
medium, the total phenolic, flavonoid, gallotannin, and condensed tannin contents 
were found to be 3–16 times higher than in naturally grown plants (Baskaran et al. 
2012).

The Scutellaria (Lamiaceae) genus have been used for centuries in traditional 
Chinese medicine for the treatment of hyperlipidemia, arteriosclerosis, allergy, anti-
bacterial, and inflammatory diseases. The pharmacological effect is due to the pres-
ence of flavonoids such as baicalein, baicalin, wogonin, and wogonoside (Shang 
et al. 2010). The highest increase was detected in polyphenol production in TDZ 
treatment (Grzegorczyk-Karolak et al. 2015).
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Capsaicin obtained from pepper species is considered to be a potential chemical 
for pharmaceutical industries. Islek et  al. (2016) found that TDZ as an elicitor 
applied at different concentrations and times increased the amount of capsaicin of 
Capsicum annuum L. cell suspension cultures to the control.

27.1  Conclusion

The secondary metabolite production is very important for the food, perfumery, and 
pharmaceutical industries. When these compounds are produced by conventional 
methods, their amounts are small and time is lost. In order to achieve continuous 
and rapid industrial production, the addition of stimulants to the growth medium 
will contribute to the production of secondary metabolites. TDZ is an effective elici-
tor in the production of secondary metabolites as well as functions in plant tissue 
culture.
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28Thidiazuron: An Effective Plant Growth 
Regulator on In Vitro Cloning of Slow- 
Growing Economic Rattan Palms 
in Southern Western Ghats for Eco- 
restoration and Consistent Utilization

T. S. Preetha, A. S. Hemanthakumar, and S. Seeni

Abstract
Rattans, the spiny climbing palms in Southeast Asia, are the fast depleting high- 
value non-wood forest produce primarily used for making furniture, baskets and 
handicraft items contributing significantly to the rural economy in the provinces 
where they occur. The most seriously affected species in the Western Ghats  
are Calamus thwaitesii, C. rotang, C. travancoricus, C. nagabettai, etc. which 
despites its wide distribution is indiscriminately exploited to the extent that 
mature useful canes are no more available. Since seed availability is scarce and 
traditional propagation methods are insufficient to meet the demand, in  vitro 
cloning holds great promise for large-scale production and consistent utilization 
of planting material through eco-restoration activities. However, in vitro cloning 
of rattan palms is not thoroughly worked out, and there are only few isolated 
reports on micropropagation of rattan palms wherein the effectiveness of purine- 
based cytokinins such as BA or kinetin has been ruled out with very slow and 
little regeneration efficiency. The original work presented here reports the effi-
ciency of thidiazuron (TDZ), a potent multidimensional cytokinin capable of 
fulfilling both the cytokinin and auxin requirements of various regeneration 
responses, viz. new meristem formation, and promotes multiple shoot induction 
from pre-existing meristems of elite rattan palms with special reference to C. 
rotang. TDZ has played a significant role to speed up inducing multiple shoot 
formation from offshoot/sucker-derived shoot tips with greater efficiency than 
other cytokinins (BA, 2-iP) in micro-cloning of rattan palms. The TDZ-induced 
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in vitro multiplication scheme, developed for the first time in rattan palm tissue 
culture, can be gainfully employed for the focused production and supply of elite 
female rattan palms for open seeding and commercial plantation activities.

Keywords
Rattan palm · Calamus · In vitro cloning · Shoot tip · Thidiazuron · Reintroduction

28.1  Introduction

Rattans or canes are a unique and versatile group of prickly climbing or trailing 
palms with characteristic scaly fruits and solid stem classified under the 
Lepidocaryoid major group of the palm family. They include about 14 genera and 
600 species distributed in the forests of Indo-Malayan and African regions. In India, 
they are represented by 5 genera with a total of 51 species mostly distributed in the 
tropical evergreen, semievergreen and moist deciduous forests of the Eastern 
Himalayas, Western Ghats and Andaman and Nicobar group of islands. They are 
variously described as the most important non-timber forest product, monocotyle-
donous wood, nonconventional wood, poor man’s wood, fashion-proof forest prod-
uct and environment-friendly renewable resource. They have also remained very 
much a part of the culture and village life of the provinces where they occur. Humans 
have used rattan for livelihood and subsistence for many centuries throughout the 
documented history of mankind (Anonymous 1983; Sarma 1989; Manokaran 1990; 
Tombac and Lapis 1993; Johnson et al. 1997; Sastry 2000). They carry remarkable 
social and economic importance due to their unique characteristics such as strength, 
durability, elasticity, lightness, lustrous brown colour look and bending ability 
which make them true ‘green gold’ (Mohan Ram and Tandon 1997). However, 
despite their unlimited aesthetic and utility value, these ‘poor cousins’ of bamboos 
have largely remained underdeveloped, much maligned, little appreciated and 
totally ignored resource of any tropical forestry development.

Canes are inexpensive rare materials for making traditional furniture and baskets 
by the rural dwellers. They find a variety of traditional and nontraditional uses on 
account of their remarkable beauty, pliability, light weight, high strength to weight 
ratio, lengths in which they can be obtained and bending ability, all of which enhance 
their aesthetic value. As a high-value fashion-proof commodity of booming ‘multi-
million dollar industry’, it is much sought after for designer trade goods to grace the 
homes of urbanites the world over. The world demand for well-processed good 
quality canes is so high that even trebling the present supplies will not meet the 
requirements (Menon 1980). Unfortunately, natural forests are the only source of 
canes even today. During the last 20 years, over-exploitation of the rattans from the 
Western Ghats region has led to the disappearance of most of the species from all 
accessible areas. Since reproduction of canes is dependent on seeds, poor seed set 
contributes significantly to poor regeneration of the species in the forests where 
they occur. Species like C. thwaitesii, C. rotang, C. travancoricus, C. nagabetttai, 
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C. dransfieldi and C. vattayila are now seen in very restricted localities with minis-
cule number in their populations. However, many species are disappearing from 
their natural habitats due to (a) unscientific harvesting, (b) indiscriminate exploita-
tion, (c) biotic interference and (d) habitat destruction/fragmentation and conse-
quent microclimatic changes. It is widely recognized that in cases where seed 
availability is scarce or traditional vegetative propagation methods are impractical, 
micropropagation through tissue culture is an attractive alternative (Wochok 1981) 
for rapid in vitro multiplication of highly useful canes so that supply of planting 
materials as part of a revegetation programme and sustained deliveries of quality 
raw materials to the industry would be a reality at least in the future.

As far as rattan palm is concerned, shoot induction through conventional propa-
gation methods is much slow, and similar response was also noticed by the use of 
commonly used cytokinins, viz. BA, 2-iP, kinetin, etc. in nonconventional propaga-
tion methods. However in the present study, a highly appreciable rapid response 
with tenfold multiplication was observed in TDZ-supplemented MS medium. 
Therefore this multidimensional plant growth regulator is used to achieve in vitro 
cloning, eco-restoration and consistent utilization of the rattan palms particularly in 
C. rotang.

28.2  In Vitro Cloning of Rattan Palms

28.2.1  Plant Materials

Three economically important species of rattan palms, viz. Calamus thwaitesii, C. 
rotang, and C. travancoricus collected from different forest segments in the Western 
Ghats of Kerala (India), were used as the study materials for the present investiga-
tion. Among these species, C. rotang, a good quality cane distributed to the plain 
along the backwaters and coasts was chosen for the detailed demonstration. C. 
rotang is mainly used for making furniture and basket industry, and its fruits are 
used in the treatment for cancer (Chakraberti and Mukerji 1968). The powdered 
seeds are useful for treating abdominal ulcer (Hartwell 1970), while the roots are 
useful for treating snake bites, antidysenteric, antibilious, tonic, febrifuge and depu-
ration purposes.

28.2.2  Collection of Suckers/Offshoots

Suckers or offshoots (3–6 years old) were the main source of explants for rattan 
palm tissue culture (Fig. 28.1a). The suckers of the candidate species C. rotang were 
collected from estuaries of Ashramam (Kollam district) of Kerala State Forest 
Department. The suckers were collected with maximum number of roots with a ball 
of earth and immediately defoliated to avoid evapotranspiration. They were packed 
in gunny bags and without exposure to direct sun brought to the institute, planted in 
pure river sand medium in 30 cm diameter pots and reared in the mist house for 
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Fig. 28.1 In vitro cloning of Calamus rotang. (a) Offshoots of C. rotang. (b) Dissected out shoot 
tip. (c) Axillary shoot initiation in MS medium supplemented with 5 mgl−1 BA. (d, e) Shoot bud 
initiation from the pre-existing buds in the base of rhizomatous portion of shoot tip cultured in MS 
medium augmented with 0.2 mgl−1 TDZ. (f) Shoot bud elongation through subculture passage at 
6-week interval in MS medium augmented with 0.2  mgl−1 TDZ. (g) Abnormal shoots formed 
around the shoot tip in MS medium augmented with higher concentration (>1 mgl−1) of TDZ.  
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2–4 weeks with frequent irrigation. These offshoots served as the source of explants 
for in vitro cloning. It is a different matter that unlike other palms, the rattans are 
extremely thorny making it difficult to extract the shoot tips from the growing palm 
or offset. Again in an actively growing offshoot, the shoot tip with the basal rhi-
zomatous part is so deeply located amidst thorny leaves that it has to be fished out, 
making the decontamination procedures rigorous and difficult to obtain meaningful 
number of surface decontaminated, responding shoot tips often collected from 
accessible forests.

28.2.3  Surface Sterilization

The rigorous and stepwise surface decontamination procedure followed during dif-
ferent stages of shoot tip explant preparation from the intact offshoots helped to 
obtain up to 70% contamination-free explants that responded to culture conditions. 
This multistep procedure essentially consisted of:

 (a) Agitating the downsized offshoots (having only three leaves) in a solution of 
5% sodium hypochlorite and 0.5% Teepol for 20 min

 (b) Immersing and decontaminating the further trimmed and downsized offshoot in 
5% sodium hypochlorite solution for 10 min

 (c) Treating the exposed shoot tip (~0.5  cm) having basal ~1.5  cm rhizomatous 
base in 0.1% (w/v) streptomycin sulphate solution for 40 min

 (d) Final passage through 0.1% HgCl2 (w/v) for 5 min

Each step was accompanied by liberal washing in sterile distilled water or sterile 
double distilled water. Further each step was found important, and deviation from it 
resulted in either increased percentage contamination or lethality of the tissue. 
Browning of the explant during the course of downsizing was common. Bacterial 
contamination and severe browning were the major problems, which cause up to 
30% loss of the shoot tip explants. In some explants, browning and release of exu-
dates occurred together, while in others browning of the tissue was independent of 
exudation.

Fig. 28.1 (continued) (h) Abnormal shoots turned brown and necrosed after 10 weeks in media 
supplemented with 2 mgl−1 TDZ. (i) Shoot multiplication observed in MS medium supplemented 
with 0.4 mgl−1 BA and 0.1 mgl−1 each of TDZ and NAA. (j) Proliferative mass of marved shoots 
observed after 6 months through continuous subculture of shoot tip at 6-week intervals in MS 
media supplemented with 0.2 mgl−1 TDZ. (k) Mixture of normal and callogenic shoots formed 
from the base of sucker after 6  months through regular subculture at 6-week intervals in MS 
medium supplemented with 0.2 mgl−1 TDZ. (l, m) Shoot elongation in normal shoots followed by 
rhizogenesis in half MS medium supplemented with 0.2 mgl−1 each of BA, 2-iP and 0.1 mgl−1 
NAA. (n) 12-month-old rooted plants ready for deflasking. (o) Deflasked plants for hardening. (p) 
Hardened and established plants ready for field transfer. (q) Two-year-old field established plant
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The shoot tip with basal rhizome part obtained and subjected to vigorous decon-
tamination had to be thinned with the removal of young/primordial leaves and leaf 
sheath one by one during the disinfection process. This had to be done due to the 
underground, soiled nature of the explants which are expectedly loaded with micro-
organisms of all sorts. Underground plant parts harbouring different microorgan-
isms and the need to surface decontaminate them using rigorous procedures are 
reported in anthurium (Teng 1997), taro (Yongwei Li et al. 2002) and Zantedeschia 
aethiopica (Kritzinger et al. 1998). In such cases, multistep disinfection process is 
usually followed. Even then, only 70–80% of the shoot tips could be saved from 
infection. Based on the results obtained, it is safe to infer that at least the shoot tip 
explants of the rattan palms are free from endophytic bacteria and fungi. The 
contamination- free explants obtained compare well with the reported success rate 
of decontamination in anthurium (Geier 1986; Teng 1997), taro (Tim et al. 1990), 
mango (Thomas and Ravindra 1997) and rattan palms (Hemanthakumar 2011). 
However, the observed rate of bacterial contamination higher than fungal ones indi-
cates certain level of bacterial colonization in the outer parts of the rhizome is still 
possible, even if such associations are not strictly endophytic. If some of these 
microbes have co-evolved along with the plants, their decontamination process per 
se may be difficult (George 1993). Whatever may be the nature of the plant- microbe 
interaction in rattan palms, it is evident that microbes associated with the explants 
grow faster than the plant cells, and if allowed to continue, the tissue may not grow 
and eventually get plagued with bacterial colonies, phenolic oxidants and necrotic 
responses. The two-step (5% sodium hypochlorite with 0.5% Teepol) treatment 
with bleaching agent, fairly long treatment (40–80 min) of the downsized explant 
with 0.1% streptomycin sulphate and the last treatment with 0.1% HgCl2 for 4–5 min 
together offered a reasonable decontamination protocol for different species, the 
differences in size of the explants between the species notwithstanding. The shoot 
tip explants of C. rotang were always larger than those of C. travancoricus. To be 
successful with the decontamination procedure, the explants had to be collected 
during summer months (February–March), and those collected during rainy season 
obviously showed higher percentage contamination due to possible penetration of 
microbes along with rainwater and subsequent colonization of parts including 
crown and leaf sheath making the decontamination process difficult and 
cumbersome.

28.3  Culture Initiation

For culture initiation, the suckers with exposed shoot tips (∼0.5–0.7  cm) and  
rhizome part (∼1.5  cm) (Fig.  28.1b) were inoculated to full-strength Murashige  
and Skoog (MS) medium (Murashige and Skoog 1962) augmented with required 
concentrations and combinations of plant growth regulators, viz. 0.2–
0.4  mgl−1  N6-benzylaminopurine (BA), 0.05–2.0  mgl−1 thidiazuron (TDZ) and 
0.1 mgl−1 α-naphthaleneacetic acid (NAA); and the pH was adjusted to 5.8 with  
1N NaOH or HCl. The gelling of the medium was done by boiling with 0.5%  

T. S. Preetha et al.



477

(w/v) agar. Then 60 ml−1 aliquot media were dispensed into 250 ml Erlenmeyer 
flasks/bottles and closed tightly with nonabsorbent cotton plugs or polypropylene 
caps as the case may be. The media was sterilized by autoclaving at 121 °C and 
1.1 kgcm−2 pressure for 20 min. Subculturing was made every 6 weeks. In certain 
cases 2–3 transfers each of 2-week duration had to be followed to minimize exuda-
tion and oxidative damage. Unless otherwise mentioned, all the cultures were incu-
bated at 24 ± 2 °C under 12 h photoperiod with a photon flux intensity of 50–60 μEm−2 
s−1 provided by cool white fluorescent tubes (Philips India Ltd., Mumbai). All the 
cultures were observed at weekly intervals and data were recorded after 4–16 weeks.

28.4  Comparative Effect of TDZ with Other Weak Cytokinins 
on Culture Initiation

The less affected shoot tip explants cultured in MS agar nutrient medium responded 
with elongation or emergence of new axillary buds or both, depending on the growth 
regulator supplementation. Seventy percent of the explants cultured in basal medium 
showed shoot tip elongation to attain 1.0–3.0 cm length in 6 weeks followed by 
decline and degeneration of the entire shoot in 12 weeks. Addition of cytokinin was 
essential to sustain the growth of the apical bud and also to induce axillary bud for-
mation, but the degree of these responses varied between types and concentrations 
of the cytokinins. The widely used cytokinins, BA and 2-iP, reversed the elongation 
of shoot tip only marginally, and the percentage of axillary shoot/bud release even 
at the optimal concentration of these cytokinins (5.0  mgl−1) was only 10–23% 
(Fig. 28.1c) (Table 28.1). Elongation of the apical bud in the basal medium or in 
medium supplemented with low concentrations (0.5–1.0  mgl−1) of BA or 2-iP 
occurred from the fourth day onwards. The inverse relationship between apical bud 
growth and axillary bud release became evident when TDZ was used. This cytoki-
nin at concentrations ranging from 0.2 to 2.0 mgl−1 suppressed apical bud elonga-
tion and stimulated maximum percentage (66.67%) and number (3.0 ± 0.20) of 
axillary shoot formation at 0.2 mgl−1 concentration. Shoot bud initiation was axil-
lary in nature as it occurred from the pre-existing buds in the base of the shoot tip, 
more specifically in the rhizomatous portion (Fig.  28.1d, e). The TDZ-induced 
emergence of small number of axillary buds was observed after 6 weeks of culture, 
and the buds grew into shoots of 1.6–2.5  cm only during the subculture period 
(Fig. 28.1f). The growth of apical bud was arrested altogether. The shoots formed in 
the presence of higher concentrations (>0.5 mgl−1) of TDZ were also axillary in 
nature though they looked abnormal at concentrations exceeding 1.0  mgl−1 
(Fig. 28.1g). Such shoots induced by 2.0 mgl−1 TDZ turned brown and necrosed 
after 10 weeks of culture (Fig. 28.1h). Combinations of TDZ, with other weak cyto-
kinins and NAA at the concentrations tested, neither improved the axillary shoot 
formation nor the quality of the shoots significantly.

Exogenous supply of cytokinins was essential to arrest longitudinal growth of 
shoot tip but also to keep the apical bud alive and active in different species of 
Calamus. Cytokinins other than TDZ (BA, 2-iP, kinetin) were just sufficient to 
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reverse the longitudinal growth of the apical bud (apical dominance) but were short 
of inducing high percentage axillary bud proliferation. In C. rotang, BA and 2-iP 
could not reverse apical dominance completely, and in C. thwaitesii, high concen-
tration (3.0 mgl−1) of BA was required to induce minimal additional bud formation 
(Hemanthakumar et al. 2014). Poor caulogenic response was noticed in combina-
tions of cytokinins without TDZ.  The inability of conventional cytokinins (BA, 
2-iP) in isolation or in combination with auxin to induce multiple shoot formation 
at reasonable levels made it compulsory to try TDZ individually and in combina-
tions. TDZ was very effective to induce multiple shoot formation though its concen-
tration required for optimum bud release and frequencies varied between species. 
Lowest concentration of TDZ (0.5 mgl−1) was required to induce the formation of 
maximum shoots in C. rotang within 12 weeks. The differential frequencies, num-
ber of buds formed and the period required for shoot bud initiation may indicate the 
genotypic differences between the species (Mullins et al. 1997; Lyyra et al. 2006). 
However, in all the species, in the presence of TDZ, apical dominance was com-
pletely arrested, and the shoots initiated did not elongate beyond 1.5 cm. Additional 
shoot bud initiation was axillary as it occurred from the base of the shoot tip particu-
larly in the rhizomatous portion. The inverse relationship between apical bud growth 
and axillary bud release as observed and stunted growth of even the newly formed 
axillary shoots could be only related to the known inhibitory influence of TDZ on 
the longitudinal growth of existing and newly formed shoots (Huetteman and 
Preece 1993).

Thidiazuron is capable of fulfilling both the cytokinin and auxin requirements of 
various regeneration responses (Jones et al. 2007). It can induce new meristem for-
mation, promote shoot development from pre-existing meristems and induce adven-
titious bud regeneration in a number of species including recalcitrant woody plants 
(Murthy et al. 1998; Cuenca et al. 2000; Bunn et al. 2005). One of the most effective 
uses of TDZ has been in the regeneration of woody plant species in which organo-
genesis was only possible with high concentrations of adenine-type cytokinins or in 
those species in which these compounds were ineffective (Murthy et al. 1998). The 
results presented in this study are consistent with these observations, as TDZ has 
played an important role in inducing multiple shoot formation from shoot tips 
derived from offshoots/suckers with greater efficiency than other cytokinins (BA, 
2-iP).

The indispensability of TDZ for shoot initiation was again confirmed when com-
binations of cytokinins on shoot initiation were tested. Only combinations involving 
TDZ proved good for bud initiation in 43.33% of the shoot tip in C. rotang. Among 
the various concentrations and combinations of PGRs tested in this species, maxi-
mum of 2.75 ± 0.21 shoots with somewhat elongated shoots (2.81 ± 0.09 cm) were 
initiated after 12 weeks of culture in the presence of 0.4 mgl−1 BA and 0.1 mgl−1 
each of TDZ and NAA. The beneficial effect of NAA for obtaining somewhat elon-
gated shoots even in the presence of the cytokinins was evident. In certain species, 
combinations involving cytokinins and auxins act synergistically to obtain normal 
lengthy shoots during culture initiation/multiplication. This kind of observation was 
noticed in Robinia pseudoacacia L., Sorbus aucuparia L., Tilia cordata Mill. 

T. S. Preetha et al.



481

(Chalupa 1987) and Yucca aloifolia (Atta-Alla and Van Staden 1997) and Citrus 
grandis (Paudyal and Haq 2000). Overall analyses of the results on shoot initiation 
reveal that meaningful initiations of shoot buds in culture initiation experiments 
were possible only with TDZ in isolation or in combination with other PGRs. Shoots 
induced by higher (2.0 mgl−1) concentrations of TDZ were always distorted or fasci-
ated as observed in C. rotang. Other cytokinins are too weak to initiate buds in shoot 
tip cultures of Calamus. TDZ has been used with great success in such species as 
Malus domestica (Elobeidy and Korban 1988; Fasolo et  al. 1989), Pyrus sp. 
(Chevreau et al. 1989), Rhododendron (Preece and Imel 1991), Rubus (Cousineau 
and Donnelly 1991) and Populus sp. (Russell and Mc Cown 1988) wherein the 
shoots initiated remained stunted. Since the number of buds formed even in the 
presence of TDZ was relatively small, that too, after prolonged period of incubation, 
the rattans form a specialized group of palms, where even repeated trials with strong 
cytokinins like TDZ do not yield good number of shoot initiation required of a mass 
multiplication scheme. There is no wonder why previous workers have not met with 
great success in  vitro mass multiplication of shoots in Calamus species (Yusoff 
et  al. 1985). This is also true with other workers including Patena et  al. (1984), 
Umali-Garcia (1985), Barba et al. (1985), Gunawan and Yani (1986), Yusoff (1989), 
Dekkers and Rao (1989) and Padmanabhan and Ilangovan (1989, 1993) who worked 
on different species of rattans. This work has established that it is possible to clone 
rattan palm through tissue culture using TDZ as the principal cytokinin; however, 
initiation of large number of shoot buds required of mass multiplication schemes is 
a distant reality.

28.4.1  Shoot Multiplication Through Subculture Passages

To study the influence of hormonal regimes on shoot multiplication, the emergent 
axillary shoot buds obtained after 12 weeks of culture were dissected out of the 
basal rhizomatous part and transferred to the same nutrient medium (full-strength 
MS medium) with varied hormonal regimes [TDZ (0.05–1.0  mgl−1); BA (0.2–
0.5  mgl−1)+2-iP (0.2–0.5  mgl−1)+NAA (0.1  mgl−1), BA (0.4  mgl−1)+TDZ (0.1–
0.2 mgl−1)+NAA (0.1–0.2 mgl−1)]. The rhizomatous parts free of axillary buds were 
again transferred to the culture initiation medium or medium supplemented with 
changed hormonal concentrations for additional bud emergence. Buds proliferated 
were isolated and subcultured at regular intervals through passages each of 6-week 
duration.

All the axillary shoots/buds dissected out of the primary explant cultures (off-
shoot tip/sucker tip) and subcultured in the presence of majority of the selected 
hormone supplements were not morphogenetically active (Table 28.2). The percent-
age of the explants taking part in multiplication varied from 20 to 93.33 with rela-
tively higher percentage response recorded in the second subculture passage 
compared to the first. In none of the treatments, shoot elongation was impressive, 
and the presence of the auxin in the combination did not seem to contribute to sig-
nificant shoot elongation. Invariably all the shoots cultured in the presence of BA 
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alone showed signs of decline in 4 weeks and necrosis in 8–12 weeks. Presence of 
TDZ (0.1–0.2 mgl−1) was essential for shoot multiplication, but 2–3 shoots devel-
oped from the base of each shoot tip during each of the subculture passage remained 
stunted and distorted. The number of shoots proliferated upon the subcultured 
shoots/buds in the presence of both TDZ and BA was relatively few, short and 
healthy. A combination of 0.1 mgl−1 TDZ, 0.4 mgl−1 BA and 0.1 mgl−1 NAA was 
adjudged the best to induce multiplication of 3–4 shoots (2.15 ± 0.13 cm length) 
from each subcultured shoot through the two subculture passages each of 6-week 
duration (Fig. 28.1i). Even in this optimized combination of PGRs, subculture of the 
isolated shoots/buds beyond three cycles resulted in multiplication of shoots of 
which 20–30% were abnormal having rosette-type wrinkled leaves, unexpanded 
threadlike leaves and colloid protrusions as the case may be. However, the shoot 
buds raised in the presence of 0.2 mgl−1 TDZ and subcultured as such at 6-week 
intervals in the same medium produced a proliferative mass of fasciated shoots 
(Fig. 28.1j) as well as a mixture of normal and callogenic shoots from the base of 
the suckers (Fig. 28.1k).

Combinations of hormones tried in C. rotang were more desirable as the shoots 
obtained were somewhat elongated and negative influence of TDZ in inducing fas-
ciated shoot development and poor rooting could be avoided to some extent. 
Invariably, the multiplication responses in terms of percent shoot multiplication and 
the number of shoots formed were less in the first subculture passage compared to 
the second subculture. This might be due to the better acclimatization and conse-
quent increase in the caulogenic responses of the shoots in the second subculture. 
Since repeated subculture in the presence of 0.01–0.2 mgl−1 TDZ beyond three to 
four subcultures led to formation of abnormal/distorted shoots, combinations of 
hormones including TDZ were better desired than the individual concentration of 
TDZ for the in vitro clonal multiplication of this species. The inhibitory influence of 
TDZ on shoot elongation was further confirmed when its replacement by 2-iP led to 
significant increase in shoot length and not so in shoot number. Both percentage 
response and number of multiplied shoots were reduced if TDZ was replaced by 
2-iP in a combination of BA-2-iP-NAA (instead of BA-TDZ-NAA).

28.4.2  Shoot Elongation

For shoot elongation, shoot cultures of 2–3 cm length obtained after different sub-
culture passages were isolated either individually or as groups (3–5 shoots) and 
transferred to full and half strength MS agar/liquid medium free of hormones or 
medium containing a combination of 0.2–0.5 mgl−1 each of BA and 2-iP, 0.1 mgl−1 
NAA or 0.4 mgl−1 BA and 0.1 mgl−1 each of TDZ and NAA. Presence of TDZ in the 
medium containing full- or half-strength salts promoted shoot proliferation but not 
shoot elongation. Under selected combinations of other cytokinins (BA, 2-iP) and 
NAA, shoots cultured in half-strength medium showed better elongation than those 
cultured in full-strength basal and half-strength basal media (Table 28.3). However, 
the salt drained, yet PGR supplemented half-strength elongation medium did not 
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support additional shoot formation from the base of the transferred shoots as much 
as the full-strength medium. The same trend was observed during the second sub-
culture at the end of which the mean number and length of additional shoots formed 
per shoot respectively were 1.50 ± 0.16 and 5.56 ± 0.72 cm in half-strength and 2.00 
± 1.08 and 3.57 ± 0.54 cm in full-strength media both containing 0.2 mgl−1 each of 
BA, 2-iP and 0.1 mgl−1 NAA. Apart from shoot elongation, these hormonal combi-
nations in half-strength medium induced rhizogenesis in 40% of the shoot cultures 
(Fig. 28.1l, m) while in the full-strength medium and half-strength medium contain-
ing higher concentrations of cytokinin, the same was reduced to 10–20%.

However, shoot buds multiplied through subculture two to four times had to be 
necessarily transferred to full-/half-strength MS medium with/without hormones 
for shoot elongation. Although half-strength medium devoid of hormones also 
favoured shoot elongation, the number of shoots harvested was relatively less pre-
sumably due to the dependence of the young shoots on hormones for multiplication. 
The inhibitory effect of high salts present in full-strength MS medium on shoot 
elongation and consequent choice of half-strength nutrient medium for shoot elon-
gation is also reported by earlier workers in different systems, viz. Syzygium alter-
nifolium (Sha Valli Khan et al. 1999), Eucalyptus F1 hybrids (Joshi et al. 2003) and 
Calophyllum apetalum (Nair and Seeni 2002). For shoot elongation, the medium 
has to be devoid of TDZ (Russell and MC Cown 1986; Singha and Bhatia 1988; 
Fasolo et  al. 1989; Preece and Imel 1991; Neuman et  al. 1993; Huetteman and 
Preece 1993; Tiwari et al. 2001; Thengane et al. 2006) but supplemented with rela-
tively higher concentrations of other cytokinins (0.5 mgl−1 each of BA and 2-iP) in 
half-strength medium. Though reduced concentrations of relatively weaker cytoki-
nins (BA and 2-iP) were indispensable for shoot elongation, use of full-strength MS 
medium contributed to increase in number of shoots each of reduced length com-
pared to half-strength salts which promoted lengthy, but reduced number of shoots 
as in C. rotang. Again, at least two transfers of the shoots (6 + 6 = 12 weeks) to fresh 
medium were required for optimal shoot elongation. Invariably in the cultures, 
mainly due to the spillover effect from the multiplication stage, a marginal number 

Table 28.3 Shoot elongation of C. rotang through two subculture passages

Media 
used

PGRs (mgl−1) 1st subculture passage 2nd subculture passage

BA 2-iP NAA
No. of additional 
shoots/explant

Length of 
shoot (cm)

No. of additional 
shoots/explant

Length of 
shoot (cm)

Full 
MS

– – – 1.40 ± 0.12b 3.95 ± 0.50 1.33 ± 0.13b 5.28 ± 0.64
0.5 0.5 0.1 2.50 ± 0.12a 2.77 ± 0.43 2.33 ± 0.18a 3.02 ± 0.48
0.2 0.2 0.1 1.60 ± 0.26b 3.77 ± 0.46 2.00 ± 10.8a 3.57 ± 0.54

½ MS – – – 1.50 ± 0.13b 4.33 ± 0.62 1.33 ± 0.13b 5.33 ± 0.87
0.5 0.5 0.1 1.75 ± 0.21b 4.25 ± 0.41 1.50 ± 0.22b 4.56 ± 0.71
0.2 0.2 0.1 1.50 ± 0.16b 4.90 ± 0.48 1.50 ± 0.16b 5.56 ± 0.72

Data represents mean ± SE of 20 replicates repeated thrice, recorded after every 6 weeks of culture. 
Values followed by the same letter in the superscript do not differ significantly at p ≤ 0.05 based 
on ANOVA and LSD t-test
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of shoots were also added during the elongation phase. Such observations have been 
recorded mostly in Vitis rotundifolia, Rhododendron (Huetteman and Preece 1993) 
and bamboo (Singh et al. 2001).

28.4.3  Rooting of Shoots

The individual shoots/shoot clumps (3–5 shoots) of 1.5–7.0 cm length were dis-
sected out carefully and implanted into full- and half-strength MS agar or liquid MS 
media augmented with various concentrations of auxins, viz. IAA, IBA and NAA 
(1.0–5.0 mgl−1). None of the condensed (1.5–3.0 cm) shoots raised in culture media 
containing 2.0 mgl−1 TDZ and directly transferred to rooting media containing aux-
ins were rooted even after 12 weeks of transfer. By contrast, the unrooted shoots of 
3.5–5.5 cm length harvested from the full-strength or half-strength shoot elongation 
medium were readily rooted in the presence of the auxins (Table 28.4). Rhizogenic 
response of the shoots varied between the auxins, with 30% of the shoots rooted 
within 4 weeks in the presence of 3.0 mgl−1 NAA followed by 10% rooting recorded 
after 6 weeks in IBA and 13.33% after 8 weeks in IAA. In the order of merit, after 
12 weeks, 83.33% of the shoots were rooted in 3.0 mgl−1 NAA and 4.0 mgl−1 IBA 
respectively and only 50% in IAA (4.0–5.0 mgl−1). In all the shoots, irrespective of 

Table 28.4 Rooting of shoots in C. rotang

Auxins 
(mgl−1)

Rooting response percentage No. of roots  
per shoot

Length of roots 
(cm)4 weeks 6 weeks 8 weeks 12 weeks

IAA
0.0 0.00 0.00 0.00 0.00 0.00 ± 0.00 0.00 ± 0.00
1.0 0.00 0.00 0.00 3.33g 0.00 ± 0.00 0.00 ± 0.00
2.0 0.00 0.00 3.33g 13.33f 0.17 ± 0.41d 6.10 ± 0.41a

3.0 0.00 3.33e 13.33f 26.67e 0.83 ± 0.75c 6.08 ± 0.24a

4.0 0.00 3.33e 16.67e 50.00d 1.29 ± 0.49a 6.05 ± 0.16a

5.0 0.00 6.67d 20.00d 50.00d 1.43 ± 0.53a 6.08 ± 0.22a

IBA
1.0 0.00 0.00 3.33g 20.00e 1.00 ± 0.00b 5.10 ± 0.09b

2.0 0.00 3.33e 10.00f 26.67e 1.00 ± 0.00b 6.73 ± 0.36a

3.0 0.00 10.00c 23.33d 63.33c 1.25 ± 0.46a 6.16 ± 0.40a

4.0 0.00 6.67d 43.33c 83.33a 1.38 ± 0.52a 5.90 ± 0.41b

5.0 3.33c 6.67d 40.00c 50.00d 1.51 ± 0.53a 4.84 ± 0.38c

NAA
1.0 3.33c 3.33e 26.67d 56.67d 1.00 ± 0.00a 4.75 ± 0.18c

2.0 20.00b 30.00b 60.00a, b 70.00b 1.14 ± 0.38a 5.84 ± 0.55b

3.0 30.00a 46.67a 66.67a 83.33a 1.25 ± 0.46a 5.92 ± 0.39b

4.0 26.67b 36.67b 56.67b 70.00b 1.43 ± 0.53a 6.42 ± 0.46a

5.0 26.67b 40.00a, b 53.33b 56.67d 1.50 ± 0.55a 5.84 ± 0.42b

Data represents mean ± SE of 20 replicates repeated thrice, recorded after every 6 weeks of culture. 
Values followed by the same letter in the superscript do not differ significantly at p ≤ 0.05 based 
on ANOVA and LSD t-test
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the auxins tried, only 1–2 roots were formed and the roots so formed were 4.6–
8.3 cm long. Growth of the shoots observed in all the treatments during the rooting 
period was marginal (0.4–0.6 cm).

Though the supplementation of the medium with auxins was essential to get 
rooting of the shoots, despite the presence of auxins, shoots that were multiplied in 
higher concentration of TDZ (2.0 mgl−1) never rooted presumably due to the anti-
rhizogenic influence of this synthetic cytokinin. Percentage of rooting was signifi-
cant if the shoots were treated with NAA (3.0 mgl−1) or IBA (4.0 mgl−1) in two 
transfers of 12 weeks in C. rotang. The remarkable similarity of 1–2 root formations 
in all the species tested indicated that root formation may be a predetermined char-
acter in the presence of an inducer auxin like NAA. By and large, NAA was more 
desirable than other auxins for safe and efficient root induction in all the species 
particularly in C. rotang. In such other species of Calamus, as C. simplicifolius 
(Zhang Fangqiu 1993) and C. egregious (Zeng Bingshan 1997), also the in vitro 
shoots formed only 1–2 roots which are in agreement with our observation.

28.4.4  Hardening and Nursery Establishment

In order to harden and establish the micropropagated plants, rooted plantlets of 
5–10 cm length obtained after 12 months were weaned from the bottles, washed 
thoroughly in running tap water to remove traces of nutrient media adhering to the 
plantlets and treated with 0.1% Dithane M-45 for 5 min to avoid fungal contamina-
tion. The fungicide-treated plants were transferred to 10 cm diameter earthen pots 
and also poly bags filled with pure river sand medium and maintained in the mist 
house under constant irrigation at 28 ± 2 °C and 80 ± 5% RH for hardening. The 
clones were observed periodically and data on establishment recorded at regular 
intervals of time. The established 4–6-month-old clones were transferred to the 
nursery where they were maintained under diffused light and regular watering. After 
6–12  months, nursery established plants were transferred to selected forest seg-
ments and their field performance was assessed.

Out of the 225 rooted plants (Fig. 28.1n) weaned from the flasks (Fig. 28.1o), 
washed and treated with Dithane M-45 fungicide, 88% (198) got established in poly 
bags in the mist house in 4 months (Table 28.5). Same plants transplanted in potting 
medium and maintained under regular irrigation in the 50% shade house showed 

Table 28.5 Hardening and establishment of 12-month-old clonal plants of C. rotang

Deflasked plants Plants grown to 4 months

Reared place
No. of plantlets 
transferred

Length of shoot 
(cm)

Length of shoot 
(cm)

No. of new 
leaves % survival

Mist house 225 7.3 ± 0.41 10.62 ± 0.26 0.6 ± 0.12 198 (88.00)
50% shade 
house

30 7.52 ± 0.33 10.26 ± 0.36 0.4 ± 0.12 18 (60.00)
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low percentage (60%) establishment. The percentage establishment came down fur-
ther, if the plants were transferred to the shade house for a long period. Some of the 
root-free shoots transplanted and maintained under both the conditions showed 
signs of survival initially but were subsequently dried up in 6–8 weeks. During the 
6-month period of hardening in the mist house and subsequent 2 months in shade 
house, the successfully established plants produced a maximum of 1–2 leaves 
(Fig. 28.1p).

28.4.5  Reintroduction

The microclones already established in the nursery for 6–8 months showed con-
spicuous growth as evidenced from emergence of new leaves similar to the reintro-
duced species of C. thwaitesii (Hemanthakumar et al. 2013). In exceptional cases, 
emergence of new leaves may occur from second month onwards. The plants so 
raised and reintroduced into the natural forest segment of the Western Ghats during 
the southwest monsoon period recorded a maximum of 76.19% establishment after 
2 years (Fig. 28.1q) (Table 28.6). Based on the results obtained, a protocol for in 
vitro clonal propagation of C. rotang was developed and presented in Fig. 28.2. 
Care should be taken to introduce the plants during the pre-monsoon showers in late 
May or monsoon rains in early June which facilitated easy establishment of the 
plants back in nature without getting desiccated. The uniformly high establishment 
of the plants recorded in different experimental sites further strengthened the pos-
sible utility of the methods followed for reintroduction in other parts of India as well 
where again rattan forms a natural resource. It should be noted that hitherto no suc-
cessful studies on in vitro cloning and reintroduction of the propagated rattan plants 
have ever been attempted. The methods described make certain for the first time 
successful cloning and restoration of rattan palms. The observation that the cloned 
plants reintroduced into the forest segments showed uniform growth and were free 
from morphological and growth abnormalities further confirmed the utility of the 
methods for conservation and revegetation purposes. Hopefully, this kind of reintro-
duction practices is not a cause for objection from the point of environment, as tis-
sue culture-mediated propagation of plants is widely accepted in horticulture and 
micropropagation itself is a specialized form of vegetative propagation.

Table 28.6 Reintroduction of clonal plants of C. rotang into selected forest segments of Western 
Ghats

Forest 
segments

Total no. of plants 
introduced/transferred

Plants 
established

Percentage 
establishment

Mean no. of new 
leaves/plant

Palode 42 32 76.19 7.7 ± 0.33
Aryankavu 23 17 73.91 6.9 ± 0.16
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Defoliated suckers
Thinning, surface sterilization

5% NaOCl2+0.5% Teepol (20 min)
5% NaOCl2 (10 min)
0.1% streptomycin sulphate (40 min)
0.1%HgCl2 (5 min)

Shoot tip (~ 0.5 cm)

Shoot initiation MS+0.2 mgl-1 TDZ
(6+6=12 weeks)

2-5 axillary shoots

Sub culture MS+0.4 mgl-1 BA+ 0.1 mgl-1 each of     
TDZ and NAA

(6+6=12 weeks)

15-19 shoots

Shoot elongation ½ MS+0.2 mgl-1 BA+ 0.2 mgl-1 2-iP+  
(6+6=12 weeks)            0.1mgl-1 NAA    

5.56 ±0.72 cm shoots with1.50±0.16 additional shoots

Rooting MS or ½ MS+3.0 mgl-1 NAA
(6+6=12 weeks)

1-2 roots

Hardening (6 months)
(28±2°C; 80±5% RH)

Mist/ Green house establishment (60-88%)

Reintroduction 8 months old nursery reared plants

Forest establishment (76.19%)
(after 2 years)

Fig. 28.2 Schematic representation of in vitro clonal multiplication of C. rotang
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28.5  Conclusion

The viable in vitro cloning system established from wild suckers/offshoot culture 
demonstrated here can be used for the consistent production of elite female clones 
for afforestation activities and sustained delivery of high-quality raw materials to 
cane processing units for strengthening cane industry. The present investigation also 
reveals that in the in vitro cloning of rattan palms, use of TDZ is indispensable for 
achieving direct organogenesis in the shoot tip cultures and is the first report as far 
as rattan palm is concerned. Prolonged subculture of the initiated shoot buds in the 
presence of TDZ should be avoided as it interferes with shoot elongation and root-
ing of the multiplied shoots. The results also suggest that rattans are very slow- 
growing palms and not easily amenable to in vitro manipulation. Hence for the early 
response and rate of shoot multiplication, a strong cytokinin TDZ was inevitable in 
culture media than other cytokinins tried, viz. BA, 2-iP, kinetin, etc. Thus the pres-
ent investigation constitutes the platform for other researchers to improve the in 
vitro cloning system with innovation to meet the challenges faced by the cane-based 
cottage industry as it is the livelihood for millions of poor in the developing coun-
tries that are otherwise rich in natural resources.
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