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ABSTRACT
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In apple Malus domestica, improvement of in vitro propagation methods is required to generate
healthy and good quality apple trees in order to meet the demand for large quantities of planting
material in the market. The combination of seed coat removal and application of thidiazuron (TDZ)
improved germination rate in seeds extracted from ‘Red delicious’, ‘McIntosh’, ‘Gala’, and ‘Fuji’
fruits (100% after 8-10 days). A study the effect of exposure time and TDZ on endogenous
components in ‘Gala’ apple seedlings root showed that TDZ changed the levels of endognous
salicylic acid, isopentenyladenine and gibberellic acid in the roots of apple seedlings. A novel and
highly efficient regeneration protocol was developed from seedling-derived root explants, with
‘Gala’ as the preferred cultivar and using 10 µM TDZ as an elicitor. Histological studies revealed
that pericycle and inner cortex cells are the origins of shoot buds regenerated from the roots in
‘Gala’. In a novel approach, regenerants from ‘Gala’ roots were successfully micrografted onto
rooted ‘G202’ rootstocks under in vitro conditions.
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1.1

Literature Review
Introduction

Part of this literature review was published in following publication
E., Tavakouli Dinani, M.R., Shukla, C.E., Turi, and P.K., Saxena “Thidiazuron: Modulator of
Morphogenesis in Vitro” as first chapter of book “Thidiazuron from urea derivative to plant growth
regulator” Ahmad, N., and Faisal, M. Springer Verlag, Singapore, 2018.

In addition to sexual (seed germination) and asexual (vegetative propagation) methods of
apple plant production, regeneration from the root under aseptic conditions is a biotechnological
approach to produce large numbers of true-to-type, young, plants in a short period of time without
seasonal interruption. A root-based regeneration procedure is important because roots are: ideal
organs to be preserved during cryopreservation, easy to culture and maintain, genetically stable
over a long time, and produce true-to-type plants. However, regeneration from the apple roots, by
applying TDZ as synthetic plant growth regulator, has not been tried before. Establishment of a
successful root-based regeneration system is very important to the Canadian economy because in
this area, producers are reliant on US nursery stock even though Ontario has the capacity to
produce plant material for the market demand. Therefore, in the present investigation, a procedure
for regenerating new apple plants from roots treated with TDZ was developed and applicability of
these new regenerants for producing micrografts was tested.

1.2

Apple Production in Canada and Ontario

Apple (Malus domestica) is an important economic crop belonging to the Rosacea (Rose)
family, and is widely cultivated throughout the world in temperate climate zones located between
30-60 degrees north and south of the equator (Bhatti and Jha, 2010). Apple is the third most
important fruit crop in the world (64.3 million t/year) (Dobránszki et al. 2010), with more than
7,500 varieties known to be cultivated globally. According to a 2014 report by the United Nations
Food and Agriculture Organization (FAO), Canada is the thirty-fifth apple producing country in
1

the word (FAOSTAT database 2014) and is thus a small contributor to the global food chain for
this crop in comparison to China (37 000 000 t), U.SA. (4 110 046 t), Turkey (2 889 000 t), Poland
(2 877 336 t), India (2 203 400 t), Italy (1 991 312 t) and Iran (1 700 000 t) (FAOSTAT database
2012). Still, on a national level apple production is important to the economy and food security of
Canadians, generating 427,424 tonnes annually with a reported farm gate value of $222,525,000
in 2016. In Canada, Ontario is the largest apple-producing province, with an estimated 6,252
hectares contributing towards 38.8% of total Canadian apple production (165,810 t) and an annual
farm gate value of $89,680,000 (CANSIM 2017a). Still with 60-70% (depending on year) of all
apples in Canada currently being imported (CANSIM 2017b), there is significant room for growth
to meet domestic needs, while also strengthening food security. For instance, the cost of fruit and
nuts increased by as much as 9.1% from fall 2014-2015 as a result of the weakened Canadian
dollar and climate change (i.e. drought in California). Sadly, until Canada reduces its reliance on
imports from the US, fruit prices are expected to increase over the next few years (Charlebois et
al. 2017), thus it is more important than ever for Canada to invest in its future food security through
development of necessary infrastructure for growing crops such as apple.

Presently, the Ontario apple industry has been experiencing an overall decrease in acreage
production of apples, and farm value since the early 2000s (CANSIM 2017a). While a myriad of
factors has contributed to this decline, lack of infrastructure to support Ontario tree fruit growers
has hindered their ability to respond swiftly to market demands and climate change through
application of new and innovative technologies. For instance, shortage of ‘elite’ rootstocks (i.e.,
rootstocks that have a proven track record of providing good performance such as high yield and
good base for grafting other varieties onto it) has led many orchards to become outdated by
preventing shifts to high density plantings. High density plantings are strongly recommended as
they are more labor efficient and more amenable to mechanization, enable quicker transition to
new cultivars to meet changing market demands, and are generally more profitable compared to
planting conventional orchards (OMAFRA, 2013). Approximately 50% of trees currently used in
production are over 20 years old, are planted at low to medium density, and need to be replaced to
be competitive with international producers (Ontario Apple Growers Association 2012, 2013,
2014, 2015). Given OMAFRA's recommended planting density of 1000 trees/acre (~2500
trees/Ha), replacing these trees will require more than 11 million rootstocks and scions, and
2

expanding production to meet domestic needs would require even more. Currently, the demand
for apple rootstocks is at least 1 million per year and projected to increase by 10%, over the next
10 years (Ontario Apple Growers 2016).

Further, limited access to rootstock and scion cultivars which are optimal for the Canadian
climate has left growers vulnerable. Environmental fluctuations have negatively impacted
production of apples, most notably during the 2012 growing season when an early spring combined
with a late frost left early blooming apple trees unable to produce fruit. Many growers were not
able to recover from this event and significant financial loss was incurred throughout the entire
apple industry (350-400 million dollars) (Ontario Apple Growers Association 2013). The capacity
of apple growers to mitigate the impact of environmental disruptions is an important issue for the
long-term sustainability of the industry. The majority of apple rootstocks and scion cultivars have
been developed for European or US climates and many are not well suited for Ontario climate. As
the climate changes, there will be an increased need to replace trees with new tolerant cultivars
that display cold-hardiness and resistance to pests and diseases.

1.3

Approaches used for Propagating Apple Trees

In order to mitigate the above challenges, access to genetically diverse cultivars and a
mechanism to rapidly propagate and disseminate apple trees to producers is needed in Canada, as
traditional propagation methods are inadequate. Apple trees can be propagated by either sexual
(seed germination) or asexual (vegetative cuttings) means.

Seed germination

Though variable with respect to plant vigor and production of desired characteristics, seed
can be used to produce plants. Despite restrictions, this method is still applied in some parts of the
world as a primary form of propagation because of its simplicity (Bhardwaj 2010). Given seed
germination depends on the physiology of seeds (seed dormancy) as well as the surrounding
growth environment (Steinitz et al. 2009), apple seeds need to be: (1) collected prior to the fruit
3

becoming mature, (2) air-dried, and (3) stratified at 1-4 °C for several weeks under moist
conditions. With this practice, after 2-8 weeks only 20-50% of seed will germinate adequately
(Bakke et al. 1926) (Bialek and Sinska, 1970; Bryzek 1974; Bogatek 1988; Bogatek and Lewak,
1991; Zhang and Lespinasse, 1991; Bao and Zhang, 2010; Wani et al. 2014). By improving seed
germination rates in apple, long-term storage of germplasm through seed banking can be
performed with great assurance that seeds will germinate successfully in the future (Steinitz et al.
2009). Still, no considerable study has been reported to enhance germination efficiency in apple
seeds.

Vegetative Cuttings

Apple trees can also be clonally propagated which may involve a variety of techniques
including grafting, layering, budding or cutting. Grafting scions onto rootstocks is generally used
to produce new true-to-type apple trees. It is assumed that apple plants with features similar to
extant Malus domestic emerged about 4,000 years ago in the Near East. Even at this time, people
recognized apple cultivars grew poorly on their own roots (Zohary and Hopf, 2000; Cornille et al.
2012); thus, application of grafting methods with associated benefits and problems
(incompatibility) began around 2000 years ago (Bilderback et al. 2014).

Usually, commercial apple trees are a composite of two separate parts with different
genotypes; “rootstock” and “scion” which are joined (fused) together by grafting to form a
complete tree. Preferred rootstocks and scions are chosen for their adaptation to environmental
conditions and their productivity (Kamboj et al. 1999; Richardson et al. 1996). Scion/rootstock
grafting is based on division ability of cambial cells. When these cells are held in close contact,
they produce callus and differentiate new vascular tissues. In order to have a successful graft, the
scion and rootstock should fuse well. When the graft partners belong to the same genus or species,
grafting success is greater and graft union called compatible; however, incompatibility could
happen due to the accumulation of toxic components, and different growing rates (Yildirim et al.
2010).

4

Presently, it is well known that rootstocks govern many specifications of the scion grafted
onto it, including growth performance, productive capacity, precocity, fruit quality, tree size (e.g.,
degree of dwarfing), adaptability to unfavorable soil and climatic conditions (e.g., increase
resistance to drought and soil salinity), and resistance to biotic/abiotic stresses (Kamboj et al. 1999;
Webster et al. 2003; Grigoriadis et al. 2005). Grafting results increased productivity of crop due
to the joining of preferred rootstock and scion (Gebhardt and Goldbach, 1988; Hussain et al. 2014).
Depending on the rootstock’s effect on the scion, apples rootstocks are classified into dwarf (2040% of the size of the standard or seedling tree), semi-dwarf (40-75% of the standard size), semistandard (75-90% of the standard size), and large standard seedling rootstocks that are 7-10 m in
height (Webster et al. 2003). An increasing number of apple growers tend to grow dwarf and semidwarf rootstocks rather than standard or even semi-standard rootstocks. Dwarf and semi-dwarf are
the preferred types for many growers, because these rootstocks have better rooting capability and
growth of the grafted scions, subsequently producing more uniform apple trees (Webster and
Jones, 1989).

Dwarfing rootstocks in a high-density orchard will absorb the maximum amount of
sunlight. As a result of close planting, trees produce relatively more fruit and less wood compare
to tree in conventional planting orchards. Therefore, yields tend to increase (Ontario Ministry of
Agriculture and Food, 2012). Using dwarfing rootstocks provides the smallest possible size of
trees adapted to available climatic and soil conditions. In recent years, a large number of dwarf
and semi-dwarf rootstocks (e.g., M7, M9, M26, M27, MM106) have been developed in the East
Malling Research Station and John Innes Horticultural Station, Merton, England (Webster et al.
2000). In addition, GENEVA® rootstocks (e.g., G65, G41, G213, G214, G222, G202) were
produced by Cornell University (New York), United States Department of AgricultureAgricultural Research Service, Apple Rootstock Breeding and Evaluation Program (USDAARS).
Many of these new rootstocks were introduced to Ontario apple growers in recent years (Ontario
Apple Growers, 2014).

The most common dwarfing apple rootstocks in apple producing countries are M9 and
M26, but their planting in high-density apple orchards is always associated with risks because of
their susceptibility to bacterial diseases like fire blight (caused by Erwinia amylovora) (Norelli et
5

al. 2003). The most popular rootstocks in Ontario are M9 and B9, which are similar in their size,
susceptibility to fire blight, and potential to develop brittle roots. Compared to other popular
rootstocks, B9 is more resistant to cold conditions and basal stem rot caused by Phylophlhora
caclorum. Recently, Cornell University introduced a new rootstock called G202, which is a strong
competitor for B9 and M9. G202 is a dwarfing apple rootstock introduced in 2004 as a hybrid of
Malling 27 and Robusla 5, which exhibits resistance to fire blight, crown and root rots
(Phytophthora), and immunity to infestation by the woolly apple aphid (Cummins et al. 2004).
Additionally, it has no susceptibility to latent viruses (e.g., apple stem pitting viruses, apple stem
grooving viruses) (Robinson et al. 2006). These characteristics make G202 a desirable rootstock
for Ontario apple orchards.

Plant Tissue Culture and Controlled Environment Systems

In addition to traditional approaches, plant tissue culture (TC) and controlled environment
systems have been used to propagate apple scion and rootstock cultivars through a process known
as micropropagation. From a commercial perspective, plant micropropagation is a useful technique
as it produces high numbers of disease-free plants in a limited time and space, and without seasonal
interruption (Bhatti and Jha, 2010). Further, it can be applied to expedite the release of new apple
rootstocks/cultivars in order to meet high demands for planting material in the market (Tileye
Feyissa et al. 2005).

Micropropagation is based on the notion of totipotency which was originally suggested by
Haberlandt (1902) in order to describe the idea that all living cells in plants can potentially
regenerate into a whole plant when the environmental conditions are appropriate (Murthy et al.
1998). One of the common techniques among in vitro multiplication methods in the commercial
TC industry is regeneration. Regeneration is defined as a process used for forming a new organ or
embryo from a cell or a group of cells, and is accomplished via organogenesis or somatic
embryogenesis (George 1993). In vitro approaches for propagation of apple (i.e., micropropagation
and regeneration) began in the late 1960s and early 1970s, and involved in vitro culture of shoot
materials (Jones 1967). Since then, numerous efforts have been made to increase the frequency of
in vitro regeneration for apple (Table 1.1). For instance, several reports have investigated the use
6

of apple leaf explants for regeneration of scion and rootstock cultivars and note that factors such
as plant growth regulators (PGRs), position of leaf and its maturity, incubation conditions, nitrogen
source and concentration, and position of the explant on the media have all been found to affect
shoot regeneration when using leaf explants (Aldwinckle and Malnoy, 2009; Welander 1988;
Fasolo et al. 1989; Sriskandarajah et al. 1990; Swart et al. 1990). Cytokinins (CK) have also proven
to be one of the most effective elements when attempting to regenerate apple leaf explants
(Magyar-Tábori et al. 2010). Regeneration capacity in apple has also been found to be influenced
by wounding, macro-elements, light conditions, and maturity of the leaves (Welander 1988).
Based on the above, it should not be surprising that significant differences with respect to plant
growth and development have been observed amongst different apple cultivars during
organogenesis (James et al. 1984; Mullins et al. 1986; Welander 1988; Fasolo et al. 1989;
Sriskandarajah et al. 1990).

Despite the efforts described above, apple is considered a recalcitrant species, consequently
development of successful systems for regeneration have been challenging (Malik 1993).
Development of an efficient system for regeneration of apple offers many benefits. First, dwarf
and semi-dwarf cultivars produce few vegetative shoots that can be used during vegetative
propagation, regeneration systems can rapidly provide a large number of plant materials to
growers. Second, regeneration systems can be used to develop transgenic apple cultivars as they
provide a model system for genetic studies (Bhatti and Jha, 2010; Malik 1993). Third,
establishment of an efficient regeneration protocol with capacity to regenerate plants after
cryopreservation can be useful for ensuring future security of the crop as well as germplasm
conservation for breeding initiatives. Cryopreservation is utilized to conserve plant materials in
liquid nitrogen at temperature (-196 °C) so that viability of cryopreserved tissue is maintained,
following recovery (re-warming) and establishment shoot culture through a regeneration process
(Mandal and Dixi-Sharma, 2007). As a result of the above, a wealth of interest from apple has
been directed towards the use of in vitro technologies for mass propagation of rootstock and scion
cultivars. For instance, an overall lack of suitable regeneration systems for apple which leads
failure of efforts of regenerate transgenic plants, has been a major limitation in producing
genetically engineered plants (Barton et al. 1983).
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The majority of regeneration studies in apple use young expanded leaves (mostly with
abaxial surface uppermost on regeneration media) (James et al. 1984; Mooney and Goodwin,
1988; Sriskandarajah et al. 1990; Swartz et al. 1990; Dufour 1990, Maximova et al. 1998;
Montecelli et al. 2000; Aldwinckle and Malnoy, 2009; Bhatti and Jha 2010) vegetative shoots
(Magyar-Tabori et al. 2010), stem and internode (James et al. 1984; Belaizi et al. 1991; Liu et al.
1998), and protoplasts (Perales and Schieder, 1993) as explants, while little is known regarding
the use of other systems (e.g., intact seedling regeneration system and root based regeneration
system). Yet little has been done on regeneration from intact seedling in apple. Similarly, there is
no report on regeneration system using apple root (by applying TDZ specifically). The roots are
important plant material for regeneration because roots are easy to culture, easy to maintain and
remain genetically stable over long period so root are ideal organs for cryopreservation of apple
cultivars.
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Table 1.1 Regeneration in Apple from Different Explant
Media

Reference

Explant

Result

Fasolo et al. 1989
Dufour 1990
Swartz et al. 1990

Leaves
Leaves
leaves

22 µM BA + 10 µM TDZ
MS + 22.2 µM BA + 1.5 µM IBA
N6+ 5µM TDZ

Sriskandakajah et al.
1990
Perales and Schieder,
1993

leaves

MS+ 3 µM TDZ+ 5.4 µM NAA

shoot and leaves
protoplasts

22.1µM BA + 8 µM NAA + 50 mgl-1
casein hydrolysate

1.6 – 3% Organogenesis

Leaves

58 % regeneration after three weeks
22 % regeneration from the golden delicious

92% shoot regeneration in McIntosh and 76 % in Red Delicious
100% regeneration in Gala, and 73% regeneration in Golden Delicious
75% regeneration after six weeks. Treatment with liquid media helps
to elute inhibitors from the explants or to introduce growth regulators
into the cells. By this treatment, they enhanced regeneration on all
surfaces of the explants.
100% regeneration after three weeks.

Caboni and Toneli,
1999
Rugini and Muganu,
1998
Belaizi et al. 1991

Leaves

21.5 µM of 1, 2-Benzisoxazole-3-acetic
acid + 1 µM TDZ+ 22 µM BA.
½ MS + TDZ mgl-1

Internode

½ MS + 4.9 µM IBA + 15 gl-1 sucrose.

After 3 weeks 23% regenerated

James et al. 1984

Stem internodes

NAA 2.0- 10.0mgl1-

Saito and Suzuki, 1999

Meristem

0.1 mgl-1 IAA+ mgl-1 IBA+ 1 mgl-1
ABA + 2 mgl-1 TDZ

By transferring callus to the same media without NAA, regeneration of
shoots from callus happened. No regeneration was observed in cultures
grown in the presence of glutathione (GSH) and casein hydrolysate
(CH). Also applying phloroglucinol (PG) depressed regeneration from
30 to 10%
5 % regeneration
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1.4

Application of thidiazuron as PGR

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 Gall, 2011). Compared to other plant
growth regulators TDZ is a powerful and potent synthetic growth regulator exhibiting both auxin
and 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 bud dormancy, fruit
ripening, proliferation of adventitious shoots, callus production and induction of somatic
embryogenesis (Fig. 1.1). Despite this unique and dual effect, TDZ action is often over-generalized
and referred to as a CK. It is therefore important to note that although TDZ can mimic the effects
of auxins and CKs, structurally it differs from both these PGRs groups, possessing both a phenyl
and thiadiazol functional group, with both groups required for biological activity (Mok et al. 1987).

TDZ can be used for regeneration at much lower concentrations (10 to 1000 times lower)
compared with other PGRs, making it a valuable commercial agrochemical (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 ABA biosynthesis, and
decrease ethylene sensitivity 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 as alstroemeria (Alstroemeria aurea Graham), lilies (Lilium spp.), tulips (Tulipa
spp.), and chrysanthemum (Chrysanthemum spp.) (Ferrante et al. 2002; Sankhla et al. 2003). In
addition to the above, TDZ’s ability to increase fruit size without affecting seed number, through
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.) and kiwifruit
(Actinidia deliciosa A.Chev. C.F.Liang & 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).
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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 activity individually or simultaneously
during in vitro regeneration. To complicate matters further, TDZ’s ability to induce a defensive
response in plant tissues can also initiate the up- or down- regulation of other PGRs (i.e. ABA,
ethylene, melatonin, serotonin) and secondary metabolites (i.e., polyamines) while also
modulating the influx/efflux of specific ions (i.e. calcium) across biological membranes (Murch et
al. 1997; Murch and Saxena, 1997; Murthy et al. 1995; Proctor et al. 1996).

Figure 1.1 Summary of physiological effect of TDZ on apple plant organs. Effect of TDZ on stem, root, leaf, flower,
and fruit of apple.
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Mechanisms of TDZ Activity
1.4.1.1 Cytokinin-related effects of TDZ

TDZ was first reported to have CK activity in 1982 by Mok et al. and later confirmed by
Visser et al. (1992). TDZ exhibits a considerably higher degree of biological 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 by either stimulating the
conversion of CK nucleotides to active ribonucleosides or by inducing the accumulation of
endogenous 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 (Ferreira et al.
2006; Rolli et al. 2012). It is interesting to note that both purine and urea-type CKs have
demonstrated binding affinities for CK-specific binding proteins (CSBPs). A strong 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 compare to other CKs. In addition to the above, TDZ can also increase endogenous
levels of CKs by reducing catabolism, increasing synthesis, and changing non-active CK
molecules to active forms (Kefford et al. 1968; Murthy et al. 1995), possibly through inactivation
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of CK oxidase/dehydrogenase (CKX) (an enzyme responsible for CK inactivation) (Nikolić et al.
2006). TDZ can also modify CK biosynthesis pathways (Zhang et al. 2005).

In general, reduced rooting capacity and inhibition of shoot elongation is attributable to the
high CK activity of TDZ. Media concentrations (approx. <1 µM - 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
compounds compare to application TDZ alone (Huetteman and Preece, 1993). TDZ facilitates
efficient multiplication of apical meristem cells and their reprogramming to an appropriate
developmental stage for shoot differentiation (Dey et al. 2012).

1.4.1.2 Auxin-related Activity of TDZ

The auxin-like activity of TDZ was first raised 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) suggest 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 its modulation of metabolism
and transport for endogenous hormones including auxins, CK, 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 CK-like effects in plants, far less is understood in terms of
its relationship to auxin. Currently, two contradictory concepts have been proposed: (1) TDZ
directly promotes growth due to its own biological activity or (2) growth is promoted by TDZ
indirectly which may modulate the synthesis and accumulation of endogenous auxins or auxinlike bioregulators in synergism with CKs (Capelle et al. 1983; Mok and Mok, 1985).
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Auxins including natural (IAA) and synthetic auxins (e.g. naphthalenacetic acid (NAA),
and 2, 4-dichlorophenoxyacetic acid (2, 4-D)) are responsible for cell proliferation and
development of callus (a mass of dedifferentiated cells) which is the first part of the morphogenetic
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 (Kartomysheva et al. 1983), increasing
proliferation and growth rate of callus thirty times more than 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 tissues. 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 followed by induction of somatic embryogenesis (Murthy et al. 1995).

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 understand the relationship between auxin
and TDZ across regeneration studies (Hutchinson et al. 1996; Murch and Saxena, 2001). 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). The reduced
rate of embryogenesis in TDZ ̶ exposed tissues treated with TIBA and PCIB, suggests TDZ may
modulate auxin metabolism during developmental processes such as embryogenesis (Hutchinson
et al. 1996b). 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 activation of stress responses.
14

Endogenous and exogenous auxins levels are closely associated with somatic
embryogenesis in plants and TDZ plays a crucial role in modulating the interaction between
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, 1996a). 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 CK. In addition to somatic embryogenesis, TDZ’s auxinlike activity has also been shown to be beneficial with increasing proliferation and growth rate of
callus. Synthetic auxins such as NAA and 2, 4-D are responsible for stimulation, multiplication,
and differentiation of cells into somatic embryos and callus development (Murthy et al. 1998). The
regulatory role of TDZ appears to be partially mediated through inactivation of genes responsible
for auxin and CK biosynthesis (Malik 1993).

In general, TDZ inhibits root meristem activity effectively by acting as an auxin-antagonist
(Rolli et al. 2012). TDZ’s auxin-like activity is also strongly associated with regeneration, somatic
embryogenesis, organogenesis and development of adventitious shoots in many plant varieties
(Huetteman and Preece, 1993; Lu 1993; Feng et al. 2012; Guo et al. 2012). A low concentration
of TDZ induces organogenesis of axillary buds on shoot tip meristems cultured 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, the type of cultivar, source
of the explant, developmental stage of explant, and age of the donor plant (Radhakrishnan et al.
2009).

1.4.1.3 Calcium signaling

TDZ is believed to modulate plant morphogenesis through its ability to influence inter- and
intra-cellular calcium (Ca2+) concentrations and signaling cascades (Trewaves 1999). Plant cells
and tissues react to different hormones due to changes in concentrations of external Ca2+ and the
balance of cytosolic Ca2+ may be related to TDZ-mediated induction. Ca2+ is an important
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secondary messenger and signal molecule in plants, facilitating different morphological responses
in plant cells and tissues through modulation of PGR levels (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 initiating a cascade of metabolic events (White
and Broadley, 2003). Several studies have confirmed the above. Hosseini-Nasr and Rashid (2002)
reported that addition of Ca2+ uptake inhibitors (lanthanum, calmodulin, triﬂuoperazine (TFP),
chlorpromazine (CPZ)) to culture media supplemented with TDZ, lead to decreased levels of shoot
production, while Jones et al (2007) applied a Ca2+ channel activator, (S)-Bay K8644, in TDZtreated explants of E. purpurea, and noted changes in cell polarity, increased auxin concentration,
callus induction and regeneration. Murch et al (2002) 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. However, high doses or extended exposure to TDZ can be fatal as increase
in cytosolic Ca2+ for a long period, leading to apoptosis and cell death (White and Broadley, 2003).
High doses or extended exposure to TDZ can cause unfavorable side effects involving TDZ
including: hyperhidricity, dwarfing, uncontrolled callusing, abnormal shoot growth, difficulty
rooting, and change in oxidative stress sensitivity. The above side effects are manageable by
transferring samples to TDZ-free medium and altering concentration and exposure time (Lu 1993;
Franklin et al. 2004; Mok et al. 2005, Jones et al. 2007; Magyar-Tábori et al. 2010; Singh et al.
2014).

1.4.1.4 Relationship to other PGRs and Stress Signaling Molecules

Plants interpret TDZ as stress, and it has been suggested that this stress signal leads to
induction of 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 be increased 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 an induction signal for somatic embryogenesis and regeneration in carrot (Daucus
carota subsp. sativus (Hoffm.) Arcang) (Guo et al. 2013). In TDZ-treated root tissues of geranium
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(Pelargonium domesticum L.H. Bailey), 4-aminobutyrate, ABA, and proline increased stress
related metabolites and mineral ions in explants (Murch et al. 1997; Murch and Saxena, 1997).

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 accumulations of ABA, auxin, proline and Ca2+ (Jones et al. 2007). TDZ is more
effective a 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
TDZs auxin-like activity in terms of downstream effects with otherPGRs.
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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 (DAMD) has
shown uniformity and stability in genome size, and consistent ploidy level (Faisal et al. 2014).
Still, unfavorable side effects associated with TDZ concentration and over-exposure to TDZ have
been reported including: hyperhidricity, dwarfing, uncontrolled callusing, abnormal shoot growth,
and difficulty rooting. The above side effects are manageable by transferring samples to TDZ-free
media and altering concentration and exposure time (Huetteman and Preece, 1993; Franklin et al.
2004; Mok et al. 2005; Zhihui et al. 2009; Magyar-Tábori et al. 2010; Singh et al. 2014; Manjula
et al. 2014).

Observed abnormalities demonstrated by cultured tissues exposed to TDZ are likely to be
specific to plant organ and species. Certain trends have been observed including enlarged darkgreen cotyledons and leaves (Lu 1993; Murch et al. 1999), short, compact shoots and shoot buds,
inhibited shoot elongation, deformation and hyperhydricity of seedlings (Lu 1993; Hare and Van
Staden, 1994; Hosokawa et al. 1996; Franklin et al. 2004; Zhihui et al. 2009; Dobránszki and da
Silva, 2010;Varshney and Anis, 2012; Zaytseva et al. 2016), inhibited rooting, stunted and
thickened root systems (Proctor et al. 1996; Murch et al. 1999; 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. TDZ promotes abnormal regenerated shoots
from roots of Bixa orellana L. (Da Cruz et al. 2014). Sankhla et al. (1994) found that Albizia
julibrissin Durazz roots developed under the influence of TDZ were very thick and short and the
development of secondary roots was inhibited. On the other hand, no reported abnormalities (i.e.
fascinated shoots, hyperhidricity, and inhibited shoot elongation) were observed for other species
including white pine and Dendrocalamus strictus (Roxb.) Nees (Huetteman and Preece, 1993;
Tang and Newton, 2005; Mihaljevic and Vrsek, 2009; Singh et al. 2014).
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Abnormalities caused by TDZ can be overcome; for instance vitrification can be reduced by
using unsealed petri dishes during shoot bud initiation, and by increasing concentration of gelling
agent. Also, by transferring regenerated shoots induced by TDZ to a second media containing
different PGRs, especially CK and auxin, and lacking TDZ, shoots had normal growth and
development (Lu 1993; Husain et al. 2007). Another solution to reduce frequency of shoot
fasciation is subculturing induced shoots to a second MS medium without TDZ which results in
elongated shoots and normal leaves (Huetteman and Preece, 1993; Varshney and Anis, 2012).
Furthermore, type and combination of other CKs with TDZ significantly influence the
development morphologically abnormal plants (Manjula et al. 2014). Generally, TDZ induced
abnormalities are reversible and can be resolved through removal of explants from TDZ, or
reducing exposure times or concentrations (Lu 1993). Several studies recommend TDZ for trueto-type organogenesis and embryogenesis in root based regeneration systems. Though TDZ does
sometimes creates abnormal variations (somaclonal variation), these variations may be overcome
by testing various concentrations and times of TDZ application, and for balance with other
hormones.

1.5

Application of TDZ to Regenerate Apple in vitro

Various responses to TDZ application from 1991 until now have been recorded for different
apple cultivars including: shoot formation and regeneration, increased fruit size, and somatic
embryogenesis (Bhatti and Jha, 2010; Guo et al. 2013). For example, increasing TDZ
concentrations from 1-10 µM led to a reduction in the number of shoots regenerated in ‘Gala’
apple, while TDZ concentration of more than 22.7 µM inhibited shoot organogenesis (Liu et al.
1998).

Different apple cultivars and rootstocks were tested to obtain regenerated shoots by TDZ.
For example cultivars Golden Delicious (Dufour 1990; Belaizi et al. 1991; Rugini and Muganu,
1998), McIntosh (Caboni and Toneli, 1999), ‘Gala’ (Sriskandakajah et al. 1990), Fuji (Saito and
Suzuki, 1999), Royal Gala' (Liu et al. 1998), Åkerö, McIntosh Wijcik, Gravenstein (Welander
1988), Empire, Freedom, Idared, Jonathan, Liberty, Mutsu, Summerland, and Rome Beauty
(Yepes and Aldwinckle, 1994), Cox Orange, Florina, Jamba (Perales and Schieder, 1993),
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Paladino, Spur McIntosh, Triple Red Delicious (Fasolo et al. 1989), Granny Smith, Mark, Novole,
Lancep and, Cepil (Dufour 1990) and apple rootstock M26 (James et al. 1984), Jork 9 (Caboni
and Toneli, 1999), M9, M25, M27 (James et al. 1984) and, M7A (Yepes and Aldwinckle, 1994).
There are significant differences among apple cultivars in regenerative ability (Mullins et al. 1986;
Fasolo et al. 1989; Sriskandarajah et al. 1990).

In the majority of published protocols for Malus regeneration, Murashige and Skoog media
(MS; Murashige and Skoog, 1962) was used as it demonstrated the greatest shoot regeneration
(Aldwinckle and Malnoy, 2009). Further, NAA was used as a predominant form of auxin in
regeneration of Malus. The most frequent and efficient PGR used in apple regeneration protocols
is TDZ (≤0.05 to 25≤ µM), further in many reports TDZ was used in combination with NAA or
IBA/IAA in order to induce shoot formation in different apple cultivars (Aldwinckle and Malnoy,
2009).

In regeneration research on different cultivars of Malus domestica, several efforts have been
made to increase the frequency of regeneration using leaf, cotyledon, and immature embryo. In
most of these studies, young expanded leaves (mostly with abaxial surface uppermost on
regeneration media), and vegetative shoots have been used as a source of explants (Fasolo et al.
1989; Dufour 1990; Sriskandarajah et al. 1990; Swartz et al. 1990; Perales and Schieder, 1993;
Montecelli et al. 2000; Magyar-Tabori et al. 2010; Bhatti and Jha 2010). In addition, In vitro apple
regeneration has been achieved from stem and internode (Belaizi et al. 1991; Liu et al. 1998; James
et al. 1984). Few reports revealed apple regeneration has also been achieved from protoplasts
(Perales and Schieder, 1993). There is no reported achievement on regeneration from root
segments by TDZ application among different cultivars of Malus domestica or even in the Rosacea
family.
Beside TDZ’s proven positive effect on regeneration, TDZ enhances seed germination via
improvement of shoot regeneration, with positive effects being reported in soybean (Glycine max
(L.) Merr.), pea (Pisum sativum L.), common bean (Phaseolus vulgaris L.), chickpea (Cicer
arietinum L.), lentil (Lens culinaris Medik) (Radhakrishnan et al. 2009; Malik and Saxena, 1992),
but there is no report on improvement of apple seed germination by TDZ.
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Typically, in vitro regeneration occures on segment explants (leaves, internode, meristem,
root and cotyledons) (Baker and Wetzstein, 1994). However, in peanut (Arachis hypogaea L.)
(Murthy et al. 1995), silk tree (Albizia julibrissin Durazz.) (Sankhla et al. 1994), switch grass
(Panicum virgatum L.) (Gupta and Conger, 1998; De Carvalho et al. 2000), common bean
(Phaseolus vulgaris L.) (Rad et al. 2014) and felty germander (Teucrium polium L.), TDZ can
induce regeneration in plant species through a rapid one-step in vitro procedure which is based on
culturing intact seedlings, rather than segment explants. There is no valuable achievement on
regeneration from intact seedling in apple.

Based on the above, TDZ appears to be an effective regulator while tissue culturing apple
explants. According to a literature review on apple regeneration, shoot regeneration in apple has
been attempted repeatedly from leaves. Interestingly, a limited number of unsuccessful studies
have examined the ability of apple root to regenerate in vitro. Thus, new efficient methods (intact
seedling regeneration system and root-based regeneration system) could be established for apple
regeneration through the application of TDZ and would represent a valuable system for the
investigation of the underlying mechanisms.

1.6

Intact Seedling Based Regeneration system (with Application of Thidiazuron):

For many years, isolation an explant and optimization culture conditions were typical
experimental approaches to achieve regeneration (Brown and Thorpe, 1986; Blakely and Steward,
1964). The explanting (wounding) is the key factor for induction of morphogenesis in vitro along
with physical factors and hormonal balance. Based on this determinant factor, regeneration
systems have been established for hundreds of species. Nevertheless, associated factors with
conventional explanting are significantly involved in limiting successful establishment of in vitro
regeneration system in some species.

For the first time, Malik (1993) on Lathyrus sativus L., L. cicera L. L. ochrus L. DC tried
direct seed culture method and differentiation of shoot from intact seedling without explanting on
media containing TDZ. Malik (1993) observed the numbers of shoots regenerated from intact
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seedlings were significantly higher than those observed with explants. He concluded
morphological integrity of intact seedling played a critical role in induction of
organogenesis/somatic embryogenesis and excision of explant was not necessary for
morphogenesis induction (Malik 1993). The intact seedling regeneration system is a unique
morphogenetic system which involves the direct development of multiple shoots on the
germinating seedling (Fig 1.2).

Figure 1. 2 Regeneration from seedling system of chickpea. Regeneration from intact seedling system of chickpea
(Cicer arietinum L.) after one week exposure to 10 µM TDZ.

After Malik (1993), regeneration from intact seedling system of different plant species has been
tried frequently by application of TDZ (Table 1.2). Differences in regenerative responses depends
on genotype and physiology of used explants (Annadana et al. 2000).
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Table 1.2 Summary of TDZ Use during Intact Seedling Development
Explant Used
Species
Family
Exposure
Other
Time
PGRs
Used
Hypocotyl, epicotyl, Azadirachta indica
Meliaceae
1 week
cotyledon, leave
A.Juss.

Plant Response

Optimal TDZ
Concentration

Somatic
embryogenesis

0.1–1.0 µM

Direct somatic
embryogenesis

0, 0.91, 2.27,
4.54, 45.41 mM

Shoot formation

10 µM

Hypocotyls,
cotyledons, petiole
bases,nodal stem
seedling

Somatic
embryogenesis
direct
embryogenesis
Somatic
embryogenesis
shoot formation

0.5 - 10 µM

Seedling

1, 5, 10, 20, 40
µM
0.05, 1, 5, 10, 20
µM
1 -100 µM

Seedling
Seedlings
Cotyledonary region
of the seedlings
Seedling

Somatic
embryogenesis
and regeneration
shoot formation

1, 5, 10, 15, 20,
25 µM
1 µM

Seedling

Bud induction

10, 1 µM

Seedlings

Shoot formation

0.88, 1.1, 1.76,
2.2, 2.75, 3.3 mg/l
0.91, 4.45 mM

Seedling

Shoot formation

Seedling

Exposure to
Light/Dark

Reference

24h light

Gairi and Rashid
2004

Medicago spp.

Fabaceae

20 days

BA

16h
photoperiod

Iantcheva et al. 1999

Phaseolus vulgaris
L.
Arachis hypogaea
L.
Arachis hypogaea
L.
Cajanus cajan (L.)
Millsp.
Cicer arietinum L.

Fabaceae

BA

dark/light

Fabaceae

7 days-4
weeks
5 weeks

-

dark/light

Malik and Saxena
1992
Murthy et al. 1995

Fabaceae

6-9 weeks

-

Fabaceae

NAA, BA

Arachis hypogaea
L.

Fabaceae

24 h - 14
days
2 to 3
weeks
2 weeks

16h
photoperiod
16h
photoperiod
dark/light

BA

dark/light

Gill and Saxena
1992

Linum
usitatissimum L.
Phaseolus vulgaris
L.
Capsicum annuum
L.
Nothapodytes
nimmoniana
(J.Graham) Mabb.

Linaceae

4 days

BA

24 h light

Fabaceae

2 weeks

BA

Dark/ light

Solanaceae

1 week

BA, IAA

Icacinaceae

40- 60 days

IBA

16 h
photoperiod
16 h
photoperiod

Mundhara and
Rashid 2006
De Carvalho et al.
2000
Szasz et al. 1995
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Fabaceae

Saxena et al.1992
Singh et al. 2003
Murthy et al. 1996

Thengane et al. 2001

Based on available literature, the mechanism of shoots bud differentiation on intact seedling
without physical isolation of explant is still unknown. Successful in vitro regeneration of apple
from intact seedling system has not been reported yet.

1.7

Root Based Regeneration Systems

Roots are a reliable explant source for regeneration systems in comparison to other explants
due to availability, excellent regenerative ability, high potential of metabolite production,
relatively low oxidation after excision, and high genetic stability (Son and Hall, 1990; Zobayed
and Saxena, 2003; Chaturvedi et al. 2004).

Although little attention has been given to root-based regeneration systems, various works
have shown that roots are highly regenerative during in vitro regeneration for a number of species
(George 1993). For instance, many studies have reported that root cells are capable of redifferentiating into meristematic growing zones, which can then be converted into new
independent shoots and subsequently used for propagation (Hartmann 2002; Butcher and Street,
1964).

Current Root Based Regeneration Systems: Application of Auxins and CK

Root explants with regenerative ability, have the potential to produce shoots or roots during
organogenesis or somatic embryogenesis. Regeneration patterns depend on the response of
explants to different PGRs (Su and Zhang, 2014). Exogenous hormone treatments determine early
developmental events in in vitro regeneration and regulate distribution, biosynthesis, and signaling
pathways of endogenous hormones (Radhika et al. 2006; Gordon et al. 2009). PGRs added to
culture media trigger the regeneration process, which can occur through reprogramming
differentiated somatic cells to become dedifferentiated. The type and concentration of PGRs one
of the most important factors in the embryogenesis induction or organogenesis from the root, with
auxin and CK being the major determining agents regulating organogenesis from root (Zavattieri
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et al. 2010; Yang et al. 2010; Ċosiċ et al. 2015). For instance, polar transport of endogenous IAA
is necessary to initiate shoot bud formation on roots (Yoshimatsu and Shimomura, 1994). Auxin
plays a crucial role in regulating pericycle cell division, lateral root (LR) formation, induction of
somatic embryogenesis, callus formation, and shoot regeneration (Duclercq et al. 2011).
Sometimes regeneration protocols without auxin are also required, as exogenous auxin may induce
somaclonal variation (Cheng et al. 2013). In addition to auxin, CK can act as a positive or negative
regulator of auxin biosynthesis and function, contributing to shoot regeneration, as well as
modulation of morphogenesis, along with other metabolic processes (Imamura et al. 1998). An
eEfficient regeneration protocol by application of TDZ, on root segment and intact seedling of
apple has never been developed before.

1.8

Factors Influencing Regeneration from Root

Though limited information exists for apple, numerous studies have been performed in order
to develop root based regeneration systems (see Table 1.3). From these studies, a wide spectrum
of biotic and abiotic factors which impact growth and development have been identified.

Genetic Factors

Genotypic background can influence regeneration capacity of plant species (Xiang-Can et
al. 1989; Bekele et al. 1995). On investigation of 30 lines of Spinacia glabra Mill excised roots,
variation in somatic embryogenesis frequency was detected, indicating that genetic composition
affects regeneration capacity (Ishizaki et al. 2001). Also, in different Prunus species, regeneration
potential varied (Druart 1980). In shoot regeneration from root-tips of shallot (Allium ascalonicum
L.), significant variability was observed in different genotypes in terms of organogenic-callus
formation (shape, color and texture) and regeneration efficiency (Tubić et al. 2014).
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Explant Age

Regeneration responses from the root explants in different plant species depend on the
explant age and developmental stage. There are some reports focusing on the influence of age on
regeneration capacity of root explant like in Solanum melongena L., Pusa sharbati, and Cucumis
melo L. (Kathal et al. 1994; Ċosiċet al. 2015). A negative correlation was detected between
regeneration rate and explant age (Franklin et al. 2004; Dobránszki and da Silva, 2010). In
continuous production of embryogenic callus from root segments of garlic (Allium sativum L.),
regeneration rate reduced as callus age increased (Myers and Simon, 1998). In shoot bud
differentiation form the root of Brassica napus L., meristematic tissues and young roots were more
responsive than older tissues (Sharma and Thorpe, 1989). Juvenile root explants of Piper
colubrinum Link and Spinacia oleracea L. provided better regenerability than mature explants
(Komai et al. 1996; Kelkar and Krishnamurthy 1998). In Solanum melongena L. and Populus alba
x P. grandidentata, explant age significantly affected callus induction and subsequent
differentiation into shoot buds (Son and Hall, 1990). It was observed that root explants should be
well developed to form shoot buds (Nef-Campa et al. 1996; Franklin et al. 2004). Also, young
explants and immature organs -which are relatively abundant in undifferentiated cells- have been
considered suitable for plantlet regeneration, compared to old and mature organs (Hoque and
Mansfield, 2004).

Explant Size

In regeneration from green root segments of Tylophora indica (Burm.f) Merrill, where
organogenic and embryogenic pathways occurred in parallel, explant age and size were
determinative (Sahai et al. 2010). In Aeschynomene sensitiva Sw., size, and age of explant
influenced the rate and type of regeneration; for example, root explants 7-20 mm in length were
regenerated directly (Nef-Campa et al. 1996), and root segments smaller than 10 mm failed to form
shoots because of increased levels of wound-induced compounds. In addition, the rate of uptake
and leakage increased in the explant tissue, which correlated to the metabolism of energy within
the plant cells during organogenesis (Sharma and Thorpe, 1989).
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Explant Origin

Scientific evidence confirms roots are the origin of CK biosynthesis (Rao and Ram, 1981),
and CKs not only induce shoot bud formation, but also influence growth and metabolic pathways
of the whole plant. On the way to shoot differentiation from the root explant, several zones with
meristematic cells expand and nodular structures form gradually. After several weeks, primary
primordia and subsequently shoot buds appear, and meristematic cells convert into adventitious
shoots (Parveen and Shahzad, 2011). CK biosynthesis occurs in root tips (meristem), which are
essential for differentiation and development of shoot buds. Thus, without having exogenous
stimulant, root segments are not regenerated when there is no active meristem in the root tip (Rao
and Ram, 1981). For example, in all root explants of aspen (Populus tremula L), the number of
shoot buds increased in a basipetal direction, but frequency of bud formation was higher in
sectioned roots rather than intact roots (Vinocur et al. 2000). This is because the proximal segment
of the root is closer to the shoot, and includes more endogenous plant growth substances required
for initiation of shoot buds. The rest of the root consists of regions of elongation and cell division,
and in those parts, a limited number of cells have the capacity to respond to regeneration stimulants
(Vinocur et al. 2000). The ability of root cells to respond to plant growth regulators is based on
their developmental gradient (Burger and Hackett, 1986). In different studies, the proximal and
middle part of the root are more responsive in terms of shoot bud production under appropriate
conditions.

Stresses

Stress causes dedifferentiation in somatic cells of root explants and reprograms them to
follow the somatic embryogenic pathway. Different factors cause in vitro stress (e.g., excision of
explant, oxidative stress, plant growth regulators (PGRs), salt concentration, and light intensity).
For instance, in raspberry (Rubus idaeus L.) and horse-radish (Armoracia rustica Schur), seasonal
fluctuations in regeneration capacity of root explants have been reported; regeneration capacity
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(mean number of formed primordia) on root explants has been observed to be low during the
flowering season (June to August) (Flores et al. 1987).

28

Table 1.3 Plants that Produce Buds from Root Culture
Family
Exposure time
PGRs used

Responses

Explant Used

Species

Shoot formation

Callus from
root segment

Lycopersicon

Solanaceae

15 Days

-

Isatis tinctoria
L.

Brassicaceae

2 Weeks

KN

Light
darkness

Danckwardt‐
Lillieström 1957

Callus from
excised root
Root segments

Atropa
belladonna L.
Brassica
oleracea L.

Solanaceae

21 Days

Light

Brassicaceae

4-7 Weeks

A-naphthaleneacetic
acid (NAA), KN,
Indoleacctic acid (IAA),
dichlorophenoxyacetic
acid (2,4-D), KN

14 h light
regime

Thomas and Street,
1972
Bajaj and Nietsch,
1975

Root cuttings
of parent tree

Malus
domestica
Borkh.
Comptonia
peregrine L.
Prunus
dawyckensis
Sealy
Limnophila
indica L.
Nicotiana
species

Rosacea

24 Hours

Captan

16/8 h
Photperiod

Robinson and
Schwabe, 1977

Myricaceae

6-8 weeks

-

Darkness

Rosaceae

1 month

BA and gibberellic acid
(GA3)

16/8 h
Photperiod

Goforth and Torrey,
1977
Druart 1980

Plantaginaceae

4 weeks

-

Light

Rao and Ram, 1981

Solanaceae

4 weeks

BA,IAA/without growth
regulator

16/8 h
Photoperiod

Zelcer et al. 1983

Shoots formation
Callus from
isolated roots
Shoot bud initiation
Regenerated lateral
roots, slight callusing,
shoot bud
development
Adventitious shoots
regenerating
Bud formation

Seedling roots

Adventitious buds
formed from a callus

Root

Shoot buds formation

Root tips

Shoot and callus
formation

Root
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Exposure to
light/dark
Dark/ artificial

Reference
Norton and Boll,
1954

Responses

Explant Used

Species

Family

Shoot production

Cultured-root
segments
Roots cultured

Brassica
oleracea L.
Solanum
tuberosum L.
Citrus sinensis
L.

Brassicaceae

Exposure
time
49 Days

Solanaceae

42 Days

IBA, NAA, 2,4-D , BA,
KN , Zeatin
BA, IAA, GA3

Rutaceae

35 Days

BA, NAA

Bambusa
beecheyana
Munro
Lotus
corniculatus

Poaceae

1 Month

2,4-D, KN

Fabaceae

7 Weeks

Without plant growth
hormones

Brassica napus
L.

Brassicaceae

40 Days

Capsicum
annuum L.
Citrofortunella
mitis Blanco

Solanaceae

-

Rutaceae

6 Weeks

KN, IBA, NAA, BA, 6-γ,γdimethylallylaminopurine
(2-iP )
BA, KN, IAA, IBA, NAA,
2,4-D
BA, NAA, 2,4-D, IBA

Plant regeneration
Adventitious bud
formation

Somatic
embryogenesis and
formation of plantlets
Plant regeneration

Root sections
nearest the
cotyledonary
node
Root

Shoot bud
differentiation

Nonmeristematic
root segments
Root of
seedlings

Shoot bud initiation

Root

Bud formation

Intact roots of
whole
seedlings
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PGRs used

Exposure to
light/dark
Darkness
16/8 h
Photoperiod
Darkness

Reference
Lazzeri and
Dunwell, 1984
Espinoza and
Dodds, 1985
Burger and Hackett,
1986

Darkness or
16/8 h
photoperiod
16/8 h
Photoperiod

Ling Yeh and chin
Chang, 1986

16/8 h
Photoperiod

Sharma and Thorpe,
1989

16-h
Photoperiod
14 h/day
Photoperiod

Agrawal et al. 1989

Rybczynski and
Badzian, 1987

Sim et al. 1989

Responses

Explant Used

Species

Family

Exposure time

PGRs used

Shoot
differentiation

Excised root tip

Salicaceae

60 Days

Zeatin, BA

Organogenesis

Root explant

Plantaginaceae

40 Days

Excised root

Rutaceae

-

2,4-D, NAA , IAA, KN,
BA
BA, IAA

16-h
Photoperiod
16-h
Photoperiod

Cacho et al. 1991

Shoot bud
initiation
Adventitious
shoots
Somatic
embryogenesis
and plant
regeneration
Shoots
regeneration
Shoot
regeneration
Shoot formation

Root explants

Populus alba L.
x P.
grandidentata
Digitalis thapsi
L.
Citrus
aurantifolia
Christm.
Averrhoa
carambola L.
Peucedanum
palustre L.
Moeneh

Oxalidaceae

4 Weeks

BA, NAA

Apiaceae

2 Weeks

IAA, 2,4-D

12 h
Photoperiod
16-h
Photoperiod darkness

Kantharajah et al.
1992
Vuorela et al. 1993

Cucurbitaceae

40-50 Days
3-4 Weeks

Leguminosae

2 Months

NAA, IBA, IAA,

16-h
Photoperiod
16-h
Photoperiod
Darkness

Kathal et al. 1994

Leguminosae

BA, 2iP, KN, zeatin,
IBA, IAA, NAA
2,4-D, Picloram , NAA

Rutaceae

-

BA, IAA

16-h
Photoperiod

Oxalidaceae

4 Weeks

BA, NAA

12 h
Photoperiod

Primary root

Root segments
Seedlings roots
Excised root

Shoot bud
initiation

Excised root

Adventitious
shoots

Root explants

Cucumis melo
L.
Cajanus cajan
L. Millsp
Acacia albida
Delile
Citrus
aurantifolia
Christm
Averrhoa
carambola L.
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Exposure to
light/dark
16-h
Photoperiod

Reference
Son and Hall, 1990

Bhat et al. 1992

George and Eapen,
1994
Ahee and Duhoux,
1994
Bhat et al. 1992

Kantharajah et al.
1992

Responses

Explant Used

Species

Family

Plant regeneration

Root explant

Eragrostis
abyssinica
(Jacq.) Link

Poaceae

Exposure
time
32 Days

Plant regeneration

Root explant

Gentianaceae

8 Weeks

Somatic
embryogenesis
Plant regeneration

Root segment

Amaranthaceae

6 Weeks

NAA, GA

Leguminosae

2- 4 Weeks

BA, NAA

Shoot formation

Root

Araliaceae

20 Weeks

TDZ

16-h
Photoperiod
Darkness-16h
photoperiod
14-h
Photoperiod
78% Shade

Shoot formation

Root segments
from 15-20
day old
seedlings
Excised
adventitious
roots

Species in the
genus Gentiana
Spinacia
oleracea L.
Aeschynomene
sensitiva Sw
Panax
quinquefolium
L.
Albizzia
julibrissin
Durazz.

3, 6dichloromethoxybenzoic
acid (3, 6-D) and 2, 4dichloromethoxybenzoic
acid (2.4-D).
TDZ, NAA

Fabaceae

15-30 Days

IAA, IBA, NAA, BA,
Zeatin, 2iP,TDZ

16-h
Photoperiod

Sankhla et al. 1996

Rosaceae

12 Weeks

2,4-D

Darkness-light

Van der Salm et al.
1996

Callus induction,
induction of somatic
embryos

Root explant

Rosa abietina
Gren. ex
H.Christ
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PGRs used

Exposure to
light/dark
Darkness-light

Reference
Bekele et al. 1995

Hosokawa et al.
1996
Komai et al. 1996
Nef-Campa et al.
1996
Proctor et al. 1996

Responses

Explant Used

Species

Family

Adventitious
shoot
regeneration
Somatic
embryogenesis
Shoot formation

Root explants

Gentiana
triflora Pall.

Root segments

Dioscorea alata
L.
Pelargonium
domesticum
L.H. Bailey
Allium sativum
L.
Allium sativum
L.

shoot
regeneration
Shoot
regeneration

Root

Root tip

Dioscoreaceae

6 Months

2,4-D

Geraniaceae

18 Days

TDZ

Amaryllidaceae

4 Weeks

Amaryllidaceae

16 Weeks

NAA, TDZ

Exposure to
light/dark
16-h
Photoperiod

Hosokawa et al.
1996
Twyford and
Mantell, 1996
Murch et al. 1997

NAA,BA

Light
16-h
Photoperiod

Shahidul Haque et
al. 1997
Myers and Simon,
1998

Shoot
organogenesis

Root explant

Piper
colubrinum Link

Piperaceae

4 Weeks

Shoot bud
differentiation

Root segment
from 13-dayold seedling
Excised root

Brassica napus
L.

Brassicaceae

5-23 Days

KN ,IBA, glutamine

Darkness-light

Populus tremula
L.

Salicaceae

30 Days

BA,TDZ

16 h
Photoperiod
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Reference

16-h
Photoperiod
16-h
Photoperiod

2,4-D,4-amino-3,5,6trichloropicolinic acid
(picloram), 2iP
BA

Shoot biomass
production

Root segments

PGRs used

Gentianaceae

Exposure
time
8 Weeks

16-h
Photoperiod

Kelkar and
Krishnamurthy
1998
Sharma and
Thorpe,1989
Vinocur et al. 2000

Responses

Explant Used

Species

Family

Embryogenic callus
induction
Shoot bud
formation

Excised root

Spinacia glabra
Mill.
Albizzia
julibrissin
Durazz.
Doritaenopsis

Hypericum
perforatum L.
Fragaria ×
ananassa Duch.
(Solanum
melongena L
Medicago
truncatola
Gaertn.
Melia azedarach
L.

Shoot and
protocorm-like
body (PLB)
formation
Bud regeneration

Root segments
and entire
roots
Root tips

Root explant

Shoot regeneration

Root

Shoot bud
formation
Embryo induction
and regeneration

Roots of
seedlings
Root of
seedling

Shoot bud
regeneration

Root of
seedling

PGRs used

Amaranthaceae

Exposure
time
-

NAA, GA3

Exposure to
light/dark
-

Fabaceae

30 Days

BA, TDZ

Light/dark

Hosseini-Nasr and
Rashid, 2002

Orchidaceae

8 Weeks

BA, Zeatin, TDZ

16 h
Photoperiod

Park et al. 2003

Hypericaceae

28 Days

TDZ

Rosaceae

3–4 Weeks

BA, 2,4-D, NAA,TDZ

Zobayed and
Saxena, 2003
Passey et al. 2003

Solanaceae

28 Days

BA, NAA, TDZ

Fabaceae

10-55 Days

2,4-D, Adenine, KN,
casein hydrolysate, BA

16 h
Photoperiod
16 h
Photoperiod
16h
Photoperiod
16h
Photoperiod

Meliaceae

3 Weeks

BA, KN, adenine
sulfate(AD),TDZ
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14h
Photoperiod or
darkness

Reference
Ishizaki et al. 2001

Franklin et al. 2004
Iantcheva et al. 2005

Vila et al. 2005

Responses

Explant Used

Species

Family

Shoot regeneration

Root explants

Gentianaceae

Shoot regeneration

Young excised
root segments
of seedling
Root segment

Centaurium
erythraea Rafn
Clitoria ternatea
L.

Exposure
time
20 Days

Fabaceae

Populus alba L.

Normal and
hairy root
cultures
Root of 7-day
old seedlings,
primary root
explants
Root explant

Bud/shoot
regeneration
Adventitious bud
regeneration

Direct somatic
embryogenesis

Adventitious shoots
formation
Shoot regeneration

Root explants
taken from in
vitro
regenerated
roots

without growth regulators

Exposure to
light/dark
Darkness-light

6 Weeks

2,4-D, IBA, BA, NAA,
IAA, KN

16-h
Photoperiod

Salicaceae

7 Weeks

TDZ

Tsvetkov et al. 2007

Centaurium
erythraea Rafn

Gentianaceae

30 Days

Brassica
oleracea L

Brassicaceae

4 Weeks

KN, BA, 2iP, N-(2chloro-4-pyridyl)-N′phenylurea (CPPU),
Zeatin,TDZ
2,4-D,KN, NAA

Darkness/ 16h
photoperiod
16-h
Photoperiod

Darkness

Yang et al. 2010

Eurycoma
longifolia Jack
Swertia chirata
Buch.

Simaroubaceae

2 Months

KN, Zeatin, BA

Light

Sobri.et al. 2010

Gentianaceae

4 Weeks

BA, NAA

16-h
Photoperiod

Pant et al. 2010
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PGRs used

Reference
Subotić and
Grubišić, 2007
Shahzad et al. 2007

Subotić et al. 2009

Responses

Explant Used

Species

Family

Shoot regeneration

Roots

Shoot regeneration

Root of
seedlings

Direct shoot
regeneration

Excised root
tips

Shoot
organogenesis
Buds formation

Root explants

Centaurea
ultreiae Silva
Pando
Cassia
angustifolia
(Alexandrian
senna)
Populus alba,
P.tremula, P.
tremula, P.
tremuloides
Passiflora
cincinnata Mast.
Passiﬂora edulis
Sims
Salvia
miltiorrhiza
Bunge
Allium
ascalonicum L.
Ipomoea
batatas L. Lam

Somatic embryo
formation

Root segments
of seedlings
Hairy root

Shoot regeneration

Root-tip

Direct shoot
organogenesis

Root explant

Compositae

Exposure
time
4 Weeks

BA, Zeatin, KN, 2iP

Fabaceae

6 Weeks

BA, KN, NAA,TDZ

16-h
Photoperiod

Parveen and Shahzad,
2011

Salicaceae

8 Weeks

-

-

Sherif and Khattab,
2011

Passifloraceae

20-30 Days

BA

Da Silva et al. 2011

Passifloraceae

20 Days

BA

Lamiaceae

4 Weeks

BA NAA,

16-h
Photoperiod
16-h
Photoperiod
16-h
Photoperiod

Amaryllidaceae

8-Week

2,4-D, BA

Tubić et al. 2014

Convolvulaceae

30 Days

IAA, NAA, IBA, BA,
2iP, Zeatin

16-h
Photoperiod
16-h
photoperiod
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PGRs used

Exposure to
light/dark
16-h
Photoperiod

Reference
Mallón et al. 2011

Rocha et al. 2012
Wang et al. 2013

Delgado-Paredes et al.
2016

Benefits of Using a Root-Based Regeneration System

Though met with many challenges, root-based regeneration systems offer many benefits,
making roots a preferred starting point for development of in vitro regeneration systems (Fehér et
al. 2002; Tsvetkov et al. 2007). For instance, roots are highly regenerative exhibiting higher rates
of growth compared to other explants. In species like garlic (Allium sativum L.) with low
multiplication rates in the field, roots are available for explanting (an average of 40 root tip
explants available per clove, instead of 5-10 propagules per bulb producing in the field per year)
(Shahidul Haque et al. 1997). Roots having rapid growth rates and relatively easy maintenance are
an ideal alternative for in vitro mass clonal propagation in many plant families e.g., Solanaceae,
Rubiaceae, Fabaceae, Salicaceae, etc. (Da Cruz et al. 2014; Chaturvedi et al. 2004; Parveen and
Shahzad, 2011; George 1993; Pant et al. 2010). Moreover, the regeneration capacity of root tissue
allows for the application of somaclonal variation and somatic hybridization in plant
biotechnology (Sharma and Thorpe, 1989).

Long-term root culture can be used for micropropagation and also to conserve germplasm
through living collections (Ishizaki et al. 2001; Tsvetkov et al. 2007). For instance, cultures made
from isolated roots can be maintained continuously for many years by sub-culturing (Lazzeri and
Dunwell, 1984; Teoh et al. 1996). Examples of living collections include: cultures of Citrus
aurantifolia Swingle (Bhat et al. 1992), root segment cultures of Brassica oleracea var. italica
(Lazzeri and Dunwell, 1984) and callus derived from root of Acacia albida Delile, Cajanus cajan
L. Millsp., and Peucedanum palustre L. Moeneh (Vuorela et al. 1993; George and Eapen, 1994;
Ahee and Duhoux, 1994). All the above were able to keep their regenerative capacity (i.e. shoot
generation) for a long-period of time. In addition to living collections, root tissue culture offers
attractive opportunities for cryopreservation as root tissues have a lower sensitivity to selected
cryopreservation treatments, compared to meristematic tissue (e.g., shoot tip). Furthermore,
application of roots for cryopreservation protocols are easier than other explant types because of
their high stability after the cryopreservation process (Chaturvedi et al. 2004), whereas other parts
of the plant may be destroyed by the cryopreservation process (Tsvetkov et al. 2007).
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Organogenesis and somatic embryogenesis from root cultures are ideal experimental
systems for genetic transformation studies using Agrobacterium rhizogenes, and investigating
regulatory mechanisms of cell differentiation (Franklin et al. 2004; Sahai et al. 2010; Parveen and
Shahzad, 2011; Morton, 1991; Tsvetkov et al. 2007). Root cultures are also useful experimental
systems for studying controlled production of biologically active components such as natural
products derived from plants because of their stability in phenotype and high rate of normal growth
(Flores et al. 1987; Zobayed and Saxena, 2003). For instance, in vitro root (hairy roots) culture
systems are applied in order to understand biosynthesis and accumulation of secondary metabolites
(e.g., shikimate, coumaric acid) (De Klerk et al. 1999). True-to-type shoots can be regenerated
from the root (Chaturvedi et al. 2004; Franklin et al. 2004). In plants like ginseng, root tissues of
phenotypically desirable plants can be selected to propagate elite genotypes (Chang and Hsing,
1980).

It has been proven that in root explants, the chance of occurrence of chimeric cells is low,
and shoots regenerated from the root are genetically consistent (Parveen and Shahzad, 2011). The
number of chromosomes in root-based regenerated shoots in the Gentiana genus (family
Gentianaceae) was similar to the donor plants (2n=26) (Hosokawa et al. 1996). Shoot formation
from the roots of Capsicum annuum L. provided stable and normal diploid chromosome number
(2n=24) (Agrawal et al. 1989). Ploidy stability was assessed during the regeneration of plants from
the root of Passiflora cincinnata by flow cytometric analysis which, indicated that DNA content
did not change after regeneration from roots (Da Silva et al. 2011).

There is potential for disease transmission during vegetative propagation in some plant
species (e.g., garlic), and applying in vitro root tip culture (which is most likely free of pathogen,
such as viruses) to produce adventitious shoots, has the benefit of preventing pathogen (viral)
disease transmission (Shahidul Haque et al. 1997). In addition, root germplasms provides a safe
and secure alternative for conveying plant material over long distances and between countries
(Tsvetkov et al. 2007).
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Application of TDZ for Root Based Regeneration of Apple

As stated previously above, roots of apple have shown to be recalcitrant to regeneration,
therefore investigations on shoot bud formation from root explants may facilitate the application
of root-based regeneration system for apple. Only two published reports describing development
of a regeneration system for apple exist (Robinson and Schwabe, 1977; Awlicki-Jullian et al.
2002). There is no other efforts because as stated previously above, roots of apple have shown to
be recalcitrant to regenerate. Using root cuttings from the scion cultivars Lord Derby, Grenadier,
Lord Lambourne, Worc.pearmain, Cave, Laxtonis superb and M26, Robinson and Schwabe
(1977), were the first to report a root based regeneration system for apple. Their applied method
was not an in vitro procedure. The regeneration ability was increased by cold storage of detached
roots. Shoot numbers were varied between 1 to 4.1 shoots per root depend on root length and
diameter. The experiment was not quite successful because the rate of final establishment was low
(establishment rate was not reported).
Similar to the above, low rates of survival (2.4 – 16.7 %) were also observed for
Agrobacterium transformed and untransformed plants made from root explants collected from the
rootstock cultivar ‘Jork 9’. Furthermore, shoot regeneration only occurred on roots which were not
separated from shoots, which is very similar to the concept of intact seedling system. An intact
seedling system produced new shoots compare to root segment system which were not able to
produce new shoots. No regeneration occurred on separated roots. In brief, Pawlicki-Jullian et al.
(2002) used MS basal media enriched with NAA (0.1 and 1 μM) combined with TDZ (0.1, 1, 5
and 10 μM), as well as two different carbon sources (sucrose or sorbitol). The carbon source did
not influence regeneration, while shoot regeneration was seen on the media 1 μM NAA + 0.1 μM
TDZ for transformed roots. Three to five shoots were regenerated from untransformed roots using
the mother shoot with 1 μM NAA + 1 μM TDZ. With 5 and 10 µM of TDZ, together with 1 µM
NAA, many shoots were regenerated from the base of the mother shoot, but not from the roots. At
the end of the experiment, seven regenerated shoots were obtained, these shoots were then excised
and propagated on the multiplication media containing 4.4 µM BA + 0.5 µM IBA. Application of
optimum TDZ concentration in apple induces obtained shoots from the roots (Pawlicki-Jullian et
al. 2002).
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1.9

Application of Micrografting for Improvement of Apple Propagation

To produce apple trees in nursery conditions, cuttings are taken from the rootstock donor
plants and rooted as new plants called “liners” in the first year. Liners are kept in cold storage for
the winter. In the spring of the second year, liners are planted in the field and any shoots or side
branches are removed to ensure that only one straight stem grows. In the summer of the second
year, buds are collected from desired cultivars and grafted onto the rootstock liners. In the third
year, the trees are sold to the growers (Lane et al. 2003). Traditional grafting is generally costly
and labor intensive, so some efforts have been made to develop automated grafting robots to
produce uniform seedlings at lowered costs (Grigoriadis et al. 2005). Grafting is a troublesome
process, and the extended time periods required to observe results can cause loss in time, effort,
and money (Dolgun et al. 2009). Conventional grafting has a limited scope due to the lack of high
humidity conditions, and risk of bacterial or fungal contamination. In order to address these
problems, micrografting was proposed as an alternative grafting method.
Grafting that can be performed in controlled environments is termed “micrografting”.
Micrografting is a reliable method to establish cultivars in vitro; especially those that have
difficulty during culture media establishment due to high rates of browning (Dobránszki et al.
2005). In vitro grafting was developed in the early 1970’s for eradicating endogenous pathogens
and eliminating viruses in different fruit tree species. These methods were first tested in Citrus
spp., followed by Malus, performed by Alskieff and Villemur in 1978. Then Murashige et al.
(1972) and Navarro et al. (1975) improved the technique for increased graft success. Micrografting
techniques have been expanded to propagate several hundred plants such as Malus pumila Mill.
cashew (Anacardium occidentale L.), almond (Prunus dulcis Mill. D.A.Webb), grapes (Vitis
vinifera L.), chestnut (Castanea dentata Borkh), mulberry (Morus alba L.), olive (Olea europaea
L.), peach (Prunus persica (L.) Batsch), pear (Pyrus acutiserrata Gladkova), pistachio (Pistacia
vera L.), walnut (Juglans ailanthifolia Carrière) and apple (Malus domestica Borkh.) (Huang and
Millican, 1980; Kamboj et al.1999; Lane et al. 2003; Nunes et al. 2005; Bisognin et al. 2008;
Dobranszki and Silva 2010; Hussain et al. 2014).
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In vitro grafting success varies from one graft to another according to rootstock and scion
characteristics. In addition, success in micrografting depends on the grafting method, media
conditions, physiological status of graft partners, age and genotypes of the donor plants, and
environmental conditions (Bhatt et al. 2013). Huang and Millikan (1980) found a direct correlation
between the size of the scion and grafting success. The probability of success has been increased
in micrografting with the use of PGRs, high levels of sucrose than conventionally used in media
composition, and antioxidants (Hussain et al. 2014; Navarro 1987). Scions collected from young
trees grow quicker than those derived from the old trees (Dumas et al. 1989). Dobránszki et al.
(2005) improved an efficient micrografting method by using agar to facilitate a connection
between the grafting partners.

Micrografting is an efficient and skillful vegetative propagation method to rapidly produce
nursery trees and healthy plant material from tissue culture clones in large quantities and reduced
physical space. This method can provide aseptic controlled conditions for efficient production of
high quality true-to-type plants in a short period of time (Dobránszki et al. 2000; Monteuuis 2012;
Bhatt et al. 2013). In vitro micrografting combines the advantages of grafting with those of
micropropagation (shoot tip culture) while overcoming limitations of these propagation methods
(Richardson et al. 1996; Stoddard and McCully, 1979).

Micrografting in Apple

The requirements for in vitro micrografting in apple are described in several reports (as
seen in Table 1.4) and demonstrated as successful in some cases (Huang and Millikan, 1980; Rafail
and Mosleh, 2010). Micrografting techniques have been designed for extensive production of
apple trees with a high percentage of graft success by Mushtaq (2010), and Hussain et al. (2014).
As a process micrografting consists of three stages: Step 1 is incubation and propagation of scions.
Shoot or meristem explants used for the in vitro cultures destined for grafting can be taken from
growing shoots in the field, greenhouse, or in vitro (Grigoriadis et al. 2005). Shoot segments are
established in proliferation media to increases shoot numbers through new axillary shoot
formation. Micro-shoots of desired thickness, age, and length are used as scions for micrografting
(Hussain et al. 2014). Sometimes pre-treatment of shoots is necessary to obtain rapid growth after
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grafting. Pre-treatments could include culturing shoot tips on media with different CK
concentrations for 48-240 h, or saturating shoot tips in CK solution(s) for 5-10 minutes (Parkinson
and Yeoman, 1982; Dobránszki et al. 2000). Second step is establishment and propagation of
rootstocks. In vitro or in vivo micropropagated shoots or germinated seedlings are used as
rootstocks for micrografting purposes. Seeds are germinated in vitro after sterilization and used as
seedling rootstocks. Before grafting, shoot apical meristems of the rootstock needs to be removed,
and any adventitious shoots and leaves must be eliminated (George, 1993; Hannuntapipat et al.
2003). The final step is the preparation of rootstocks and scions for micrografting. The scion is
transferred to the top of the rootstock. Proper attachment of the rootstock and scion, and protection
of the graft union during healing, has a significant effect on the formation of vascular connections,
production of new xylem and phloem, and ultimately, graft success (Obeidy and Smith, 1991). In
vivo-derived shoots can be grafted onto in vitro rootstocks, in vitro shoot tips can be micrografted
onto in vivo mature rootstocks, or in vitro-derived shoot tips can be micro-grafted onto in vitro
rootstocks (Obeidy and Smith, 1991; Dumanoglu et al. 2014).

Two basic methods of in vitro micrografting have been developed: horizontal, and wedge
(cleft) grafting (Estrada-Luna et al. 2002). In the horizontal method, the scion is cut horizontally
and placed onto the rootstock after removing the SAM of the rootstock. In wedge grafting the base
of the scion is cut into a V-shape, and a wedge or vertical slit is cut on top of the rootstock. Wedge
grafting is performed when the thickness of the rootstock and scion material is large enough to
facilitate this practice.

In successful grafts, the rootstock and scion join together to form a plant. Newly grafted
seedlings should be examined frequently and remove any adventitious shoots arising around the
graft union (Hussain et al. 2014). As mentioned before, firm contact between the rootstock and
scion is extremely important in developing a strong graft union. Many techniques have been
suggested for holding graft partners together until fusion forms including: silicon tubes (Gebhardt
and Goldbach, 1988); silicone rings (Revilla et al. 1996; Fraga et al. 2002); sterilized strips of
parafilm (Danthu et al. 2002,); aluminum foil (Misson and Giot-Wirgot, 1985); double-layer of
spongy paper and aluminum foil (Obeidy and Smith, 1991); placing the scion in a vertical slit in
the rootstock; and silicon grafting clips (Toth et al. 2004). Silicon clips are autoclavable,
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application is easy and effective (near 100%), and the clips can also be used for testing
transmission of viruses, viroids, and phytoplasmas (Toth et al. 2004; Hussain et al. 2014). The
success of all these micrografts is supported by different tools, and are dependent on the ability to
remove these support systems without damaging the graft unions (Obeidy and Smith, 1991).
Sometimes these techniques have relatively low efficiency, and the rates of these fused grafts
rarely exceeds 70% (Ramanayake and Kovoor, 1999). In some cases, the graft junction could not
be visibly monitored to ensure good contact. The method described for apple by Dobránszki et al.
(2000) is based on using adhesive material (agar-agar) to hold grafts together until fusion takes
place; thereafter, formation of the graft union can be visibly monitored. This method allows for
different growth regulators to be supplemented into the sticky agar-agar to increase growth of the
scion or decrease shooting of the rootstock. Dobránszki (2006) applied this method, and the rate
of success and survival in grafting was 95-100% (Dobránszki 2006).
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Reference
Huang and Millikan,
1980

Obeidy and Smith, 1991

Table 1.4 Summary of Apple Micrografting Procedures in Literature since 1980.
Cultivars
Method
Results
Rootstock: Golden Delicious
Under aseptic conditions, 0.1-0.2 mm scion explants
After 1 week graft union was achieved
(seedlings)
from field- or in vitro-grown shoot apices were placed
and callus was produced on the hypocotyl
Scion: apple cv. Griffith
on hypocotyls of decapitated 15-day-old rootstock
and scion.
seedlings.
Rootstock: M7
A double-layer cover (outer layer: a sheet of aluminum
Chemicals slowly released from inner
Scion: McIntosh
foil + inner layer: absorbent paper toweling treated with
layer at the grafting zone and increased
a solution of 0.025 mg· l-1 BA) was applied to facilitate
callus formation and graft unions
graft union formation.
development.

Richardson et al. 1996

Rootstocks: M9, M106, M25
Scion: Ramley seedlings

Dobránszki et al. 2000

Rootstock and Scion: Royal
‘Gala’

Abreu et al. 2003

Rootstock: Marubakaido and
M9
Scion: ‘Gala’

Zhenhai and Wenjun,
2003

Rootstock: Malus
xiaojinensis
Scion: Fuji, Stark Delicious

Rootstock with removed axillary shoots and scion had
similar diameter. A horizontal slice was cut from each to
expose the graft surface. Autoclaved silicon tubing used
to hold graft and prevent scion rooting.
Scion base cut in V-shape was stuck by 1% agar-agar
solution into the rootstock. Application of antioxidant
inhibited oxidative browning of graft cuts.
The scions were cleft-grafted onto the rootstocks and
inoculated 25 days in flasks with MS media then
transferred to the growth room (24 ± 2 ° C, 16-h
photoperiod)

Scion grew progressively after 10-14 days
as an indicator of graft success

The diameters of rootstocks were similar. Graft union
covered by paraffin.

10 days after micro-grafting, new leaves
of scions expanded.
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The rate of successful fused grafts was
95%.
30 days after grafting, graft union
initiated.

Reference
Nunes et al. 2005

Cultivars
Rootstock: M9, Marubakaido
seedlings Scion: ‘Gala’

Mushtaq 2010

Rootstock: M 9
Scion: apple cv. Lal Ambri

Rafail and Mosleh,
2010

Rootstock: MM106
Scion: : MM106

Polat et al. 2010

Rootstocks: A2, B118, M111, M7,
M16, Pj80
Scion: Scarlet Spur, Red Spur,
Redchief spur apple
Rootstock: Ottawa 3
Scion: Smoothee, Summerred,
Braeburn
Rootstock:M 9
Scion: apple cv. Lal Ambri

Yildirim et al. 2010

Bhatt et al. 2013

Method
Buds maintained in 1.5% acid ascorbic, 15 min. then
kept in BA in darkness, 3 days. Sion bases immersed in
150 mg·l-1 ascorbic acid and citric acid to avoid
oxidation.
Scions were excised from shoot tip (in vivo or in vitro),
Ascorbic acid and citric acid (100 mg· l-1) were added
to the MS basal media, vertical, wedge and horizontal
method tried.
Rootstocks and excised shoot tips prepared by treating
with BA for 10 min. T-budding and Cleft-Split tested
for micrografting.

Results
‘Gala’ / Marubakaido was more efficient.

Success of micrograft (16.78 %) which
was affected by origin of shoot tips
increased to 28.81% by application of
antioxidant.
Higher successful (80%) when shoot tips
obtained from in vitro plantlets compare to
trees grown in field (30% successful).

Seedlings were grafted on one year-old rootstocks with
side grafting method.

Callus proliferation and development of
vascular system at the graft union, was
recorded after 30 days.

Whip-grafting method was applied.

After 12 months, callus formed and
vascular cambial tissues were connected.

Three grafting methods: vertical slit, wedge and
horizontal were tested on rooted M-9 shoots.

Vertical slit method and culturing
micrografts in semi solid MS media
showed highest graft success (35.76 %).
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Micrografting Advantages and disadvantages

Compared to traditional grafting methods, micrografting has advantages and
disadvantages. It is a useful tool in basic and applied research to study the relationships between
genetically different tissues (Dobránszki et al. 2000). Micro-grafting methods have been
successfully utilized for the in vitro establishment of apple cultivars (Remo, Rewena, and Reanda).
The scions of these specific cultivars were originally harvested from the field and could not
successfully be established in culture due to browning of lignified tissue. After grafting, up to 93%
of these shoot tips survived and developed further (Dobránszki et al. 2005).

Micro-grafting has been applied on a commercial basis for production of healthy plants,
particularly resistance to soil-borne pathogens such as fungi, bacteria, and viroids (Abreu et al.
2003; Hussain et al. 2014). Presently, micro-grafting of meristem tips of woody species is used for
virus-elimination in different plants (Boxus and Druart, 1986; Huang and Millikan, 1980; Obeidy
and Smith, 1991; Kamboj et al. 1999). Obtaining virus-free plants has an inverse relationship to
the size of the scion; however, by increasing the size of the scion, the rate of graft success increases.
Therefore, in a given plant, the required size of the shoot tips must be determine. In apple, small
shoot apices are used as scions. The required size is an apical dome with 2 leaf primordia (George
1993; Katoh et al. 2004). Micro-grafting also use in quarantine, which is advantageous for
importing disease-free plants (George 1993).

The grafting process is season-dependent and production of grafted plants requires long
time (year). Micrografting under controlled environmental conditions is independent of seasonal
fluctuations during the year (Hussain et al. 2014). In the process of in vitro scion and rootstock
development, plants are propagated and grafted in culture then subsequently transferred to ex vitro
conditions to be maintained in a greenhouse (Lane et al. 2003).

Usually, mature trees give poor response in vitro due to lack of juvenility. Micro-grafting
is a means to rejuvenate mature and old tissues. To use micro-grafting for rejuvenation, sterile
specimens are needed. Foremost, shoots have to be surface sterilized and cultured in vitro. Once
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new growth emerges from the explants, they can be used as scions for micro-grafting. By the
1990’s, micro-grafting was applied for rejuvenating Sequoiadendron giganteum (Lindl.)
J.Buchholz, Picea abies (L.) H.Karst, Hevea brasiliensis (Willd. ex A.Juss.) Müll.Arg, Quercus
acutifolia Née., Anacardium occidentale L., etc. (Perrin et al. 1994; Ewald and Naujoks, 1996;
Ramanayake and Kovoor, 1999; Thimmappaiah et al. 2002). The rootstock stimulates rejuvenation
and improvement of mature scion tissue by maintaining the adult growth phase of the scion
(Obeidy and Smith, 1991; George 1993; Ramanayake and Kovoor, 1999; Thimmappaiah et al.
2002; Kamboj et al. 1999). Micrografting has also been applied as a safe and appropriate way to
trade germplasm between countries (Navarro et al. 1975; Hussain et al. 2014). Fruiting can be
advanced by grafting scions onto a dwarﬁng rootstock that induces precocious bearing
(Lewandowski and Zurawicz, 2000).

Besides having these advantages, some issues that may occur in micro-grafting include:
phenolic accumulation in tissues, and the inevitable browning of cut surfaces; desiccation of the
graft union; and failure of the micro-graft due to poor contact between the rootstock and scion
before fusion (Fuji and Nito, 1972; Moor 1984; Ramanayake and Kovoor, 1999). Several methods
have been proposed to improve the success of micro-grafting and avoid the aforementioned issues.
Applying solutions of diethyldithiocarbamate sodium (DIECA), polyvinylpyrrolidone (PVP), or
ascorbic acid to the scion and decapitated rootstock prior to grafting can reduce tissue oxidation.
Inserting a drop of gelling agent possibly containing growth regulators at the grafting point can
improve fusion. Maintaining newly grafted plants under dark conditions for 1-3 weeks can help to
improve formation of meristematic tissue and the callus bridge, and rectify the establishment of
vascular connections at the graft union (Navarro 1987). Application of antioxidants such as
ascorbic acid and citric acid (0.1-150 mg·L-1), or sodium diethyl-ithiocarbamate (2 g·L-1), could
inhibit tissue browning by preventing the formation of phenolic substances at wounding sites
(George 1993; Dobránszki et al. 2000).

1.10 Research Objectives and Hypothesis

The work reported in this thesis tested the hypothesis that in vitro application TDZ will affect
germination, root-based regeneration and level of endogenous compunents in apple plant tissue.
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The following objectives were put forth.
1. To determine if the application of TDZ can improve germination of apple seeds isolated
from different apple fruit varieties.
2. To determine if there are variation in endogenous components of root seedling from apple
‘Gala’ fruit.
3. To determine if there are regeneration responses from seedling root of Gala ‘apple’ fruit.
4. To explore the origin of root-based regenerant (if there is any) from seedling root of Gala
‘apple’ fruit by histological analysis.
5. To determine if root-based regenerant can be used in micrografing system for apple plant
in controlled environment.
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2

Improvement of apple Seed Germination and Endogenous Hormones
Analysis

Abstract
Different techniques were tested to improve apple (Malus domestica Borkh) seed
germination, including: soaking seeds in distilled water for 24 hours, mechanical scarification,
dark and cold treatment, seed coat removal, and TDZ application. The combination of removing
the seed coat and application of TDZ in culture media resulted in high efficiency of seed
germination (100%). Seeds successfully germinated on tested media, developed into shoots, and
primary roots within a week. Improvement and establishment of an efficient germination protocol
is prerequisite for propagation and regeneration experiments. Among tested cultivars, seeds
isolated from ‘Gala’ fruits were chosen for experiments because of their good germination rate,
availability, reasonable price, and regeneration ability. TDZ changed the levels of endogenous
components; it induced accumulation of SA, tryptophan (try) and 2iP, and reduced the levels of
GA levels in root explants. Changes in the levels of endogenous components (SA, tryptophan, GA
and 2iP) whithin the root tissue are complicated physiological processes, associated with many
metabolites and biological pathways, and did not follow constant trends.

2.1

Introduction

Apples as a popular pome fruit are planted over a wide area of temperate climate zones
(Bhatti and Jha, 2010). Apple production is an important part of agricultural economics in Ontario
(Apple Report 2016). Apple trees are a combination of scion and rootstock, which are propagated
separately, either through asexual (cutting, budding and layering) or sexual (by seedling) methods
(Demsachew 2011). Seeds are a valuable source of genetic variation. Improvement of seed
germination effects dynamics, distribution, and profusion of plant population (Bao and Zhang,
2010). Also, by improving seed germination, the biodiversity of the seed germplasm will be
protected (Steinitz et al. 2009).
Apples plants are self–incompatible. Seedling plants come from cross-pollinations.
Germinated trees from seeds are heterozygous (Korban and Skirvin, 1994; Webster 1995;
Sheffield et al. 2005). Seedling plantlets have variability in growth and performance, clonal
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propagated apple plants with uniformity in growth characteristics are preferred plant material.
When a grown plant from seed exhibits the desired features, it should be propagated clonally to
save target traits in the progeny (Webster 1995).

Poor germination ability of seeds and variation in seedling vigor are two limiting factors of
commercial production of apple trees by seed (Webster et al. 2003). Despite these restrictions, this
method is still applied in some parts of the world like India (Bhardwaj 2010; Wani and et al. 2014;
Bao and Zhang, 2010). In India, apple seeds collected from orchards or wild environments are
used to propagate apple trees. Although, seedling apple plants are cheap to propagate, the resulting
trees are extremely variable in viability, growth and fruit quality because of their heterozygous
nature (Webster 1995).

Apple seeds will not germinate after the fruit becomes mature. The efficiency of seed
germination depends on the physiology of seeds (seed dormancy) and growth environment
(Steinitz et al. 2009). In nursery practice, air-dried seeds are planted after soaking and stratifying.
Seeds are kept under refrigeration condition (1-4 °C) for several weeks (Bakke et al. 1926).
Different materials including gibberellic acid (GA3,4,7,9), sulfuric acid (H2SO4), hydrogen cyanide
(HCN), abscisic acid (ABA), kinetin (KN), hydrogen peroxide (H2O2), boric acid (H3BO3),
potassium nitrate (KNO3), and Polyethylene glycol (PEG), improved germination. Nor did
methods such as soaking seeds in distilled water, chilling, cold storage, or combination of this
options enhance germination efficiency. By application different treatments and techniques to
improve seed germination efficiency in apple, the reported average of germination rate is 20-50%
which requires 10 to 12 weeks (Bakke et al. 1926; Bogatek 1991; Zhang and Lespinasse, 1991;
Bryzek 1974; Bialek and Sinska, 1970; Bao and Zhang, 2010; Wani et al. 2014).

There are no reports of enhanced germination efficiency in apple seeds by applying
thidiazuron (TDZ). This study will look further on improvement of apple seed germination
(isolated from ‘Gala’, ‘Red Delicious’, ‘McIntosh’, and ‘Fuji’ fruits) and the impact of TDZ
application.
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2.2

Materials and Methods
Seed collection

Apple seeds were obtained from three sources, 1) Dr. John Cline research group
(Department of Plant Agriculture, University of Guelph), with limited amount of extracted seeds
from fruits of ‘Red Delicious’, ‘McIntosh’, ‘Gala’, and ‘Fuji’ (Apple fruits harvested in September
2014). 2) Extracted seeds from apple fruits (‘Red Delicious’, ‘McIntosh’, ‘Gala’, and Fuji) from
the market (Domenic’s No-Frills, Guelph, ON). 3) Air-dried, one year old Malus domestica seeds
from Rarexoticseeds Company (Montréal, QC.), received on Nov 2014.

Seed sterilization

Apple seed coats were removed and seeds were surface sterilized by immersion in 15%
sodium hypochloride (bleach, Clorox®, The Clorox company; 5.4% sodium hypochlorite)
containing 2 drops Tween-20 (polyoxyethylenesorbitan monolaurate; Sigma-Aldrich Chemical
Co., St. Louis MO, USA) per 100 mL of solution and stirring for 5 min. This step was followed
by rinsing three times with sterile deionized water, 5 minute each.

Culture media

This experiment had six level of TDZ, four apple cuktivars and four replications. Each
replication included twenty four petri dishes and five seeds were cultured per petri dish.
Germination value of each petri dish represent the average of five seeds. Each 100 x 15 mm petri
dish, containing 20 mL of culture media. Culture media was MS basal media (PhytoTechnology
Laboratories Co, Shawnee Mission, KS) with 30 g·L1 sucrose, 2.2 g·L-1 phytagel
(PhytoTechnology Laboratories Co, Shawnee Mission, KS) and, 2 mL·l-1 Plant Preservative
Mixture (PPM) (Plant Cell Technology, Washington, DC). Different TDZ concentrations were
added to the media before pH adjustment. The pH was adjusted to 5.7 prior to adding phytagel and
the media was sterilized by autoclaving at 121 °C and 118 kPa for 20 min. All cultured seeds were
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incubated in the growth room at 25 ºC with 16:8 h light: dark regime (35 µmol.m–1.s–1) provided
by cool white fluorescent lamps (Osram Sylvania Ltd., Mississauga, ON).

Preliminary seed germination tests

To investigate the germination percentage of apple seeds, the following treatments were
arranged as preliminary tests and then the main method for this chapter was determined. Seeds
from three sources were used for each test and media preparation and culture condition were
similar for all tests (according to the method mentioned in culture condition section):
1. Seeds were sterilized then cultured on MS media ±10 µM TDZ for 24 weeks.
2. Seeds were scarified using sandpaper, or mechanicaly scarified with Screen Separators
DRSBER6 LINE (Forsbergs, Inc., USA) for 5, 7, 10, and 20 seconds. Seeds were sterilized
and cultured on MS media ± TDZ (10 µM).
3. Seeds were soaked in the water for 24 hours in room temperature on a shaker, then they
were surface sterilized. Seeds were cultured on MS media ± TDZ (10 µM).
4. Seeds were cultured on MS media ± TDZ (10 µM) at 1-4°C in 100 x 15 mm petri dish in
the dark for 24 weeks with 75% average relative humidity.
5. Seeds with seed coats scratched with scalpel, were cultured on MS media ± TDZ (10 µM)
at 1-4°C for 24 weeks with 75% average relative humidity.
6. Seeds were soaked in 4% bleach for 1 hour, at room temperature, on a shaker. Seeds were
then rinsed under running tap for 1 hour, and sterilized with 15% bleach (20 min). This
was followed by rinsing with sterile water for 10 min and two more rinses for 5 min each.
The seed coat was scratched with a scalpel. Seeds were cultured on MS media + PPM (1
mL/L) ± TDZ (10 µM).
7. Seeds with intact seed coats were cultured on MS media ± TDZ (0, 0.1, 0.5, 1.5, 5, 10, 20,
30, and 40 µM TDZ), and incubated in the growth room at 25ºC with 16:8 h light: dark
regime.
8. The seed coats were removed manually. Seeds were sterilized before seed coat removal
and cultured on MS media ± TDZ (10 µM).
9. Apple seed coats were removed manually and seeds were surface sterilized by immersing
them in 15% sodium hypochloride (bleach) containing 2 drops Tween-20
52

(Polyoxyethylenesorbitan monolaurate), (Sigma Chemical Co., St. Louis MO, USA) per
100 mL of solution for 5 min. This step was followed by rinsing three times with sterile
deionized water, 5 minute each. Then seeds were cultured on MS media ± TDZ (0, 0.1,
0.5, 1.5, 5, 10, 20, 30, and 40 µM TDZ), and incubated in the growth room at 25ºC with
16:8 h light: dark regime.

Collection of growth data

Germination rate was recorded after 6 and 7 days of culture. Seedlings with 4 mm long
radical were considered as germinated. Height of seedling (mm) was measured after 12 days of
culture.

Analysis of plant growth regulator content

Roots of seven days old seedling germinated on 10 µM TDZ, were transferred to 0 and 20
µM TDZ (two level of TDZ) for five different exposure time with three replicate. In total, for this
experiment hundred and fifty root samples were cultured in thirty petri dishes (5 roots per plate).
Each sample the used for analysis was extraction of five seeds grown on one petri dish. Explants
were grown in these media for 0, 3, 9, 12, 21 days.

Root segments of seedlings on a single plate were pooled, flash frozen in liquid nitrogen and
stored at -80°C prior to analysis. Samples were analyzed as described by Erland et al. 2017. Briefly,
Samples were ground to a homogenous powder in liquid nitrogen prior to extraction. They were
then extracted in 0.5 mL of extraction solvent composed of 50 % methanol (MS Grade, Fisher
Scientific, Canada) and 4 % acetic acid (glacial, Fisher Scientific, Canada) in Milli-Q water.
Samples were then sonicated for 15 min on ice and spun down (2 min, 13000 rpm) and, supernatant
removed. Supernatant was then filtered through a 0.22 µm centrifuge filter (Millipore; 1 min, 13
000 rpm) and the flow through was diluted five times in 10 mM ammonium acetate adjusted to pH
9 with ammonium hydroxide (Sigma-Aldrich Chemical Co., St. Louis MO, USA).
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For quantification of samples, 5 µL of sample was injected onto a Waters Acquity BEH
Column (2.1 x 50 mm, i.d. 2.1 mm, 1.7 µm) on a Waters Acquity Classic ultra-performance liquid
chromatography (UPLC) system ( Department of plant Agriculture, University of Guelph) with
detection using an Aquity QDa single quadrupole mass spectrometer (MS) controlled by Empower
3 (Waters, Canada). Samples were run on a gradient with A - 10 mM ammonium acetate pH 9,
adjusted with ammonium hydroxide; B – 100% MeOH with initial conditions of 95 % A 5 % B
increased to 5 % A 95% B over 4.5 min using a curve of 8. Column temperature was 40°C and
flow rate was 0.5 mL/min. Compounds were monitored in single ion recording (SIR) mode at m/z
of 137, 345, 204 and 205 for salicylic acid, gibberellic acid, 2-iP and tryptophan respectively and
quantified used standard curves. Salicylic acid and gibberellic acid were monitored in negative
mode, while 2-iP and tryptophan were monitored in positive mode. In all cases cone voltage was
15 V with the exception of salicylic acid which was 10 V. In all cases capillary voltage was 0.8
kV, and probe temperature was 500°C with a gain of 5. All standards used were analytical grade
and purchased from Sigma-Aldrich, Canada.

Statistical analysis

Data of single representative experiment were analyzed using analysis of variance
(ANOVA) procedure and PROC GLM of SAS® (version 9.0.2 for Windows, SAS Institute, 2002).
The analysis of variance assumes that the data distributions are normal and variances are equal
across samples. The normality test and homogeneity of variance were used to assesse these
assumptions. Means values of treatments were compared using Duncan multiple range test, with
 = 0.05.

2.3

Results
Results of seed germination

Seed culture of preliminary germination tests (1-7) failed to germinate (data not shown). In
the scarification test, mechanical scarification destroyed the apple seed structure. When seeds
soaked in water were cultured, media turned yellow and brown, and contamination of all seeds
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occurred within 7 days. Also, when intact seeds were treated with TDZ, browning of the media
occurred around the area of the seeds; however, no contamination was observed.

Germination was evident (after three days) in the last two tests (seeds were sterilized before
seed coat removal and cultured on MS media ± 10 µM TDZ/ seeds were sterilized after seed coat
removal and cultured on different TDZ concentrations) (Fig 2.1 and 2.2); however, when seeds
seeds were sterilized before seed coat removal and seeds without seed coat were cultured on 10
µM TDZ, the majority of cultures became contaminated and also the peeling process was difficult.

The germination rate was also measured after 8, 9, and 10 days of culture. Regardless of the
effect of cultivar and TDZ concentration, in the last test (seeds without seed coats cultured on
different TDZ concentrations), germination rate was 100% for all cultivars after 8-10 days, and
seeds continued their growth thereafter. Uniformity in germination increased over time. However,
germination rate for different cultivars after 6 and 7 days of culture varied.

Figure 2.1 Germination of seed from ‘Gala’ apple seed on media with TDZ. (A-H) Germination of seed from ‘Gala’
apple seed without seed coat in MS media supplemented with 10 µM TDZ.
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Figure 2.2 Germination of seed from ‘Gala’ apple seed on media with and without TDZ. Seed from ‘Gala’ apple
germinated on MS media without TDZ and (C-D) MS media supplemented with 10µM TDZ, shown after one week
of culture.

Figure 2.3 Germination of seed from ‘Gala’ apple in media with different TZD levels. Germination of seed from
‘Gala’ apple in MS media supplemented with (A) 0, (B) 0.1, (C) 1, (D), 10 (E) 20, and (F) 40 µM in apple ‘Gala’
cultivar.

The results of analysis variance (ANOVA) are summarized in Tables 2.1. , 2.2. , 2.3. and
2.4. Appendix A (7.1). There were significant differences in germination percentage after 6 and 7
days of culture, different germination percentage between 6 days and 7 days, and seedling length
after 12 days among seeds isolated from different apple fruit varieties.

TDZ concentration significantly affected all recorded traits. Significant differences in
germination percentage and length of seedlings were observed among seeds isolated from fruits of
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different apple varieties treated with different TDZ levels. The interaction effect of apple variety
and TDZ concentration was significant for germination percentage after 6 and 7 days of culture,
different germination percentage between these time points, and seedling length after 12 days.

2.3.1.1 Germination after 6 days of culture

Removal of the seed coat improved germination of apple seeds (extracted from the fruits).
Seeds from fruits of four apple cultivars without seed coats were cultured on solid media with
different TDZ concentrations (Fig 2.3). Analysis of germination responses across cultivars after 6
days of culture showed that the seeds from ‘Fuji’’ fruit exhibited the significantly highest
germination rate followed by ‘Red Delicious’ and ‘Gala’. The lowest germination rate 6 days after
culture was observed for seeds from ‘McIntosh’ fruits (Fig 2.4). Among different levels of TDZ
tested for apple cultivars after 6 days of culture, the concentration that demonstrated the highest
germination rate (83.75%) was 1 µM TDZ and most normal seedling developed at 10 µM TDZ .
The greatest and lowest level of germination in different cultivars were caused by different TDZ
concentrations; for instance, the highest germination rates in seeds from ‘McIntosh’ and ‘Gala’
apples cultured on media supplemented with 10 µM TDZ, and in seeds from ‘Fuji’ apples by
induction on 1 µM TDZ (Fig 2.4).
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Figure 2.4 Effects of TDZ concentrations on germination rates (%) of seeds without seed coats isolated from four
apple cultivars after 6 days of culture on MS basal media supplemented with six levels of TDZ. Each mean is the
average of 20 observations (5 seed per petri dish, four petri dishes per treatment); (see Appendix 2.1). Error bars
represent the mean ± standard error of means (SEM). Different letters indicate significant difference between
treatments based on Duncan’s means comparison test (α=0.05).
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2.3.1.2 Germination after 7 days of culture

Germination rate was recorded after 7 days of culture (Fig 2.5). Significant differences
were observed between the seeds from fruit of four cultivars in regards to percentage germination,
with ‘Red Delicious’ (100%, 99%), ‘Gala’ (98.75%, 96.25%), ‘Fuji’ (96%, 89%), and ‘McIntosh’
(88.75%, 75%), germinating at 10 and 1, 1 and 10, 1 and 10, and (10 and 1) of µM TDZ,
respectively (Fig 2.5). Among different TDZ concentrations, TDZ at 10 and 1 µM caused
significantly higher germination rates across all cultivars. The lowest average germination rate
observed in ‘Red Delicious’ (48% at 0 µM TDZ), ‘Gala’ (40% at 26 µM TDZ), ‘Fuji’ (36% at 20
µM TDZ), and ‘McIntosh’ (31%, 33% at 0 and 1 µM TDZ) (Fig 2.5). By comparing effective TDZ
concentration 6 and 7 d after culture, it’s suggestive that the effect of TDZ concentration changes
over time. The interaction effect of apple variety and TDZ concentration on germination
percentage after 7 days of culture showed TDZ concentration induced germination of seeds
isolated from four apple cultivars differently. For instance, the highest germination rate 7 days
after culture was observed for ‘McIntosh’ (88.75%) and ‘Red Delicious’ (100 %) in 10 µM TDZ,
and for ‘Gala’ in 1 (98.75%) and 10 µM (96.25%) TDZ. Germination rate between these two TDZ
treatments in ‘Gala’ were not significantly different (Fig 2.5).
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Figure 2.5 Effects of TDZ concentrations on germination rates (%) of seeds without seed coats isolated from four
apple cultivars after 7 days of culture on MS basal media supplemented with six levels of TDZ. Each mean is the
average of 20 observations (5 seed per petri dish, four petri dishes per treatment); (see Appendix 2.1). Error bars
represent the mean ± standard error of means (SEM). Different letters indicate significant difference between
treatments based on Duncan’s means comparison test (α=0.05).

2.3.1.3 Different germination percentage between 6 days and 7 days

In the present study, the effect of cultivar on difference in percentage germination between
6 and 7 days of culture was assessed. The highest and lowest difference in percentage germination
occurred in ‘McIntosh’ and ‘Red Delicious’ (57.5% and 11.3%, respectively) (Fig 2.6). The
control treatment (0 µM TDZ) caused the lowest germination rate after 6 and 7 days of culture in
‘Red Delicious’ and ‘McIntosh’, it also generated the greatest difference in % germination for
‘Gala’ and ‘Fuji’ (65% and 63.8%) in germination rate between these two time points. From this
figure it can be concluded that TDZ will induce germination over the course of one day (Fig 2.6).
The interaction effect of apple cultivar and TDZ concentration on difference in percentage
germination between 6 and 7 days of culture is significant (Fig 2.6).
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Figure 2.6 Effects of TDZ concentrations on difference in percentage germination between 6 and 7 d of culture of
seeds isolated from four apple cultivars on media supplemented with six levels of TDZ. Effects of different TDZ
concentrations on average difference in percentage germination between 6 and 7 d of culture of seeds without seed
coats isolated from four apple cultivars on MS basal media supplemented with six levels of TDZ. Each mean is the
average of 20 observations (5 seed per petri dish, four petri dishes per treatment); (see Appendix 2.1). Error bars
represent the mean ± standard error of means (SEM). Different letters indicate significant difference between
treatments based on Duncan’s means comparison test (α=0.05).

2.3.1.4 Length of seedling after 12 days of culture

Analyses of data indicated that among different cultivars tested, ‘McIntosh’ produced
significantly shorter plantlets than the other cultivars. Cultivars ‘Red Delicious’, ‘Fuji’ and ‘Gala’
produced significantly taller plantlets (14.7, 14.1 and 14.1 mm respctively) at 10 µM TDZ than
the remaining levels of TDZ after 12 days of culture (Fig 2.7). MS media supplemented with 10
µM TDZ resulted in significantly taller plantlets, while supplementation with 40 µM demonstrated
detrimental effects (Fig 2.7). The interaction effect of apple variety and TDZ concentration on
seedling height after 12 days of culture was significant. For example, ‘Gala’ inoculated on 10 µM
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TDZ produced the longest seedlings (14.1 mm), and the effect of 1 µM TDZ on ‘McIntosh’
seedlings caused maximum growth in that cultivar (10.7 mm) (Fig 2.7).

Figure 2.7 Effects of different TDZ concentrations on average height (mm) of apple seedlings from four apple cultivars
on media supplemented with six levels of TDZ. Effects of different TDZ concentrations on average height (mm) of
apple seedlings from seeds without seed coats isolated from four apple cultivars on MS basal media supplemented
with six levels of TDZ. Each mean is the average of 20 observations (5 seed per petri dish, four petri dishes per
treatment); (see Appendix 2.1). Error bars represent the mean ± standard error of means (SEM). Different letters
indicate significant difference between treatments based on Duncan’s means comparison test (α=0.05).

The main focus of this experiment was test 9 because the results of other tests either resulted in
0% germination, or 100% germination in test but high level of contamination. In addition, because
of the limited number of seeds from source 1 and 3, the main experiment (test 9) was repeated
using seeds derived from source 2.

In all cultivars tested, increasing TDZ concentrations resulted in stem diameter increases,
reductions in the length and volume of roots, and enhanced curving posture of the plantlet (Fig
2.3). Also, if some parts of the cotyledon were in contact with the media, hyperhidricity –which is
a physiological malformation in plant tissue culture appeared by excessive hydration in cultured
tissue– occurred. Germination generally occured in media supplemented with TDZ; however,
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germination also developed without TDZ in specific treatments (Fig 2.2). Germination
commenced after 3 days of seed inoculation into the treatment media.
Within the tested cultivars, ‘Gala’ exhibited acceptable germination rates (Fig 2.5). ‘Gala’
was chosen and applied to later experiments because of its adequate germination rate, availability,
reasonable price, and high regeneration ability. Based on the results of germination test, the
preferred TDZ concentration for ‘Gala’ was 10 µM TDZ; application of higher TDZ
concentrations was associated with unfavorable side effects, and lower TDZ concentration resulted
thin and weak seedling and also caused a loss in later regeneration capability.

Results of growth regulator levels in root tissues
2.3.2.1 Salicylic acid

According to Table 2.5. Appendix A (7.1), TDZ, exposure time to TDZ, and the interaction
between TDZ and exposure time, significantly affect the endogenous salicylic acid concentrations
in apple root tissues. The concentration of SA decreased 12.7-fold over the 21 day exposure period
(from 0.94 to 0.074 µg/g FW) when TDZ was applied in the media and from 0.94 to 0.008 07 µg/g
FW in medium free of TDZ (Fig 2.8). Total endogenous SA decreased during period of experiment
in both media. Level of endogenous SA in root samples was higher in media supplemented with
TDZ compared to control media for all mesurments except day 12 when amount of SA was higher
in basal medium (0.25 µg/g FW) compare to medium supplemented with TDZ (0.11 µg/g FW).
SA level on the first day of treatment (0.9415 µg/g FW) was greatest in both media containing 20
and 0 µM TDZ. Thereafter, SA displayed a decreasing trend, with the level of SA reaching its
lowest point in both media (20 and 0 µM TDZ) with 0.0744 and 0.0088 µg/g FW, respectively
(Fig 2.8).
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Figure 2.8 Interaction effect of exposure time and TDZ on Salicylic acid (SA) in ‘Gala’ apple seedlings root. Salicylic
acid (SA) concentration (µg/g FW) in root tissue of apple seedlings in response to the interaction effect of 20 µM TDZ
treatment and exposure time to TDZ. Error bars represent the mean ± SEM. Different letters represent significant
differences between treatments based on Duncan’s means comparison test (α=0.05).

2.3.2.2 Isopentenyladenine (2-ip)

TDZ application, exposure time, and interaction effect of TDZ and exposure time had
significant effects on 2-iP content in the roots segments of apple seedlings (Table 2.6) Appendix
A (7.1).

According to Fig 2.9, TDZ had a promoting influence on 2iP concentration. During time
of experiment, level of 2iP in root explants was higher in media supplemented with 20 µM TDZ
compared to control media with 0 µM TDZ. Longer exposure time generally decreased 2iP content
in root explants cultured either on medium supplemented with TDZ and MS basal medium, but
two peaks of 2iP content were observed for root samples culutred in media supplemented with 20
µM TDZ; the first occurring after three days of exposure, and the second one after twelve days of
culture. While for root samples culutred in control media with 0 µM TDZ; the only peak of 2iP
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content was observed after twelve days of exposure. In MS medium, the measured 2-iP value
during the first 3 days was at a high level (0.00184 ng/g FW), and this decreased significantly at
day 9 (0.00047 ng/g FW). After 12 days, 2-iP reached a concentration of 0.00103 ng/g FW, and
then experienced a sharp decline by day 21 (0.000152 ng/g FW) (Fig 2.9). According to Fig 2.9,
the highest level of 2-iP occurred on day 3 of TDZ application (0.00248 ng/g FW), with the lowest

2-iP concentration (ng/g FW)

level observed on day 21 (0.00015 ng/g FW) without TDZ application.
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Figure 2.9 Interaction effect of exposure time and TDZ on 2-iP concentration in root tissue of ‘Gala’ apple seedlings.
2-iP concentration (ng/g FW) in root tissue of apple seedlings in response to the interaction effect of 20 µM TDZ
treatment and exposure time to TDZ. Error bars represent the mean ± SEM. Different letters represent significant
differences between treatments based on Duncan’s means comparison test (α=0.05).

2.3.2.3 Tryptophan

According to the analysis variance Table 2.7. Appendix A (7.1), the effect of TDZ
application on tryptophan concentration was not significant. Exposure time and the interaction
effect of time and TDZ concentration significantly changed tryptophan concentration in root
segments.
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As it appears in Fig 2.10, TDZ application had no incremental effect on tryptophan
concentration in root segments of apple seedlings during first three days of experiment. However,
by proceeding the time beyond three days, tryptophan level of root segments was higher in media
supplemented with TDZ compared to control media with 0 µM TDZ. Adding TDZ to the media at
a concentration of 20 µM was found to be ineffective for increasing the level of tryptophan (Fig
2.10). In both tested mediums, level of tryptophan decreased in roots as incubation time
progressed. In TDZ treatments 20 and 0 µM, the highest level of tryptophan content occurred on
the first day of the experiment (10.73 µg/g FW); the lowest level was observed on the 21st day of
treatment exposure (1.27 and 0.93 µg/g FW, respectively).
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Figure 2.10 Interaction effect of exposure time and TDZ on tryptophan concentration in root tissue of ‘Gala’ apple
seedlings. Tryptophan concentration (µg/g FW) in root tissue of apple seedlings in response to the interaction effect
of 20 µM TDZ treatment and exposure time to TDZ. Error bars represent the mean ± SEM. Different letters represent
significant differences between treatments based on Duncan’s means comparison test (α=0.05).

2.3.2.4 Gibberellic acid

The results of analysis variance for GA is reported in Table 2.8. Appendix A (7.1). TDZ
treatment, exposure time, and the interaction effect of TDZ and exposure had significant effects
on GA level in root segments. In medium supplemented with TDZ, level of GA in root segments
of apple seedlings in day three (from 0.585 to 0.399 µg/g FW), day twelve (from 0.747 to 0.395
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µg/g FW) and day twenty one (from 0.483 to 0.129 µg/g FW) reduced compared to the control
treatment (Fig 2.11). The highest GA concentration was recorded on day 12 on media without
TDZ (0.747 µg/g FW); the lowest GA level was observed on day 21 on media supplemented with
TDZ (0.129 µg/g FW) (Fig 2.11).

1

0TDZ

20TDZ

Gibberlic acid (µg/g FW)

0.9

C

A

0.8
0.7

B
C

BC

0.6
0.5

BC
BC

BC
C

BC

0.4
0.3
0.2

D

0.1
0
0

3

9
Exposure time (day)

12

21

Figure 2.11 Interaction effect of exposure time and TDZ on GA concentration in root tissue of ‘Gala’ apple seedlings.
GA concentration (µg/g FW) in root tissue of apple seedlings in response to the interaction effect of 20 µM TDZ
treatment and exposure time to TDZ. Error bars represent the mean ± SEM. Different letters represent significant
differences between treatments based on Duncan’s means comparison test (α=0.05).

2.4

Discussion

According to the results of the present study, the optimal method for in vitro germination of
apple seeds is removal of the seed coat and culturing seeds on MS media supplemented with TDZ;
other methods investigated failed to induce germination. In all experiments, seeds with seed coats
intact were unsuccessful in germination. 100% germination rate could be achieved for all cultivars
exposed to all TDZ treatments 8-10 days after inoculation. The results of this experiment are
valuable for saving time during large scale germination. Approaching 100% germination for all
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tested apple cultivars is also a noteworthy achievement; the results of this method supports saving
on germplasm costs, which can be a limiting factor economically for some plant species.

Seed Coats

The seed coat can inhibit or delay germination by functioning as a physical barrier and/or
through the production of phenolic compounds (Lewak 2011). In addition, there are some inhibitor
substances present in apple seed coats (phloridzin, ABA, and phloridzin phenolic glucoside) as
well as in the seeds (phenolic and cyanogenic compounds) which prevent water absorption and
gaseous exchange, which are required for seed germination processes (Lewak 1981; Bogatek et al.
1976). Removal of the seed coat can improve germination and prevent contamination (Come 1970;
Steinitz et al. 2009). The embryonic plant is contained within the seed and is protected by varying
layers of tissues. The seed coat limits mechanical force and chemical structures, and activity and
enlargement of the embryo. The seed coat is impermeable to water and gases, such as oxygen and
carbon dioxide. According to the literature, usually, dormant seeds germinate by removing the
mechanical barrier of water uptake (coats).

In Avena fatua L., seed coats were found to inhibit oxygen entrance and gas exchange. The
inhibiting nature of the seed coat may consist of pericarp structures or internal endosperm tissues.
Therefore, the beneficial effects of breaking the seed coat may include improving gas exchange
and releasing mechanical restraint (Toole et al. 1956). Seed germination of some grass species
(Avena fatua L., Danthonia spicata (L.) Roem. & Schult. , and Oryzopsis hymenoides (Roem. &
Schult.) Ricker ex Piper) is improved by scratching, removing, or acid-treating the seed coat (Toole
et al. 1956).

The dormancy in pear seeds is controlled both by seed coat and embryo dormancy, so even
naked seeds require chemicals treatment to stimulate germination. Based on observations in the
present study, seeds with the seed coat intact failed to germinate in vitro (Experiments 1-7);
however, by removing the seed coat, the germination was able to commence. It is important to
note that, the interaction between internal (seed physiology, genetic patterns) and external factors
(environmental factors, hormone types and balance) is responsible for triggering germination (Bao
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and Zhang, 2010) but without any doubt the seed coat is a powerful inhibitor of germination in
apple seeds and removal of the seed coat (testa and endosperm) enables embryos to germinate.

In the present study, seed coats were removed manually. However, this task is extremely
time consuming, especially for a large number of seeds. Treating seeds with acid may be a more
efficient way for seed coat removal.

Stratification

Different factors can reduce dormancy properties and germination barriers like
stratification (low temperature, wet medium), and addition of hormones (Lewak 1981). The seeds
of many temperate-zone plants require a long period under moist conditions at low temperatures
for germination. Apple seeds have a combination of physical and physiological dormancy, with
both seed coats and the embryo involved in physical dormancy. Apple seeds are not known to
germinate after fruit harvest. Mature apple seeds require several months of after-ripening under
cold stratification to start the germination process (Toole et al. 1956; Bogatek and Lewak, 1988).
Mature apple seeds required 12 weeks at low temperature (cold stratification) to mobilize storage
proteins and provide required energy for the germination process and seedling formation to
commence. Required chilling time for germination of Pyrus serotina Rhed cv. was substituted
under the effect of 200 µM TDZ, which was equivalent to 14-21 days of cold stratification (Lin et
al. 1994). It is possible that applying TDZ could be substituted for cold stratiﬁcation.

In this study, stratification alone was not enough to induce germination in the present of
seed coat. It is hypothesized ineffectiveness of stratification could be due to the presence of the
seed coat.
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TDZ

Hormonal balance is responsible for breaking dormancy and initiating germination (Lewak
and Rudnicki, 1977). All required processes for germination are controlled by hormones,
especially CKs (Żarska-Maciejewska 1976; Rudnicki 1969). Exogenous CKs improve
germination through reversible transformation of biologically active and inactive forms of CKs
(conjugate and bound forms) in apple seeds (Borkowska et al. 1975). Improving germination of
apple seeds under TDZ effect could be due to CK-like activity of TDZ.

TDZ has been shown to improve germination in different plant species. In chickpea (Cicer
arietinum L.), lentil (Lens culinaris Medik.), and garden pea (Pisum sativum L.), TDZ at
concentrations of 10 µM or less (0.1, 1, and 5 µM) induced a germination rate of 80-95%, and
multiple shoots developed after 1 week of seed culture. TDZ at 0.5 μM enhanced germination in
seeds of Morus indica (Bhatnagar 2001). Seeds of Paspalum scrobiculatum L. germinated
normally in 0.01, 0.1, and 1.0 μM TDZ, but in 11.25 and 22.5 μM TDZ, seed germination was
poor and stagnant (Rashid 2002). In an experiment by Saxena et al. (1992), 80-100% of mature
peanut seeds germinated on MS media supplemented with 10 µM TDZ, and seedlings were
produced within two weeks; however, root development was poor and there was a lack of
secondary roots. They concluded TDZ induced seedling development by optimizing the balance
of CK to auxin ratio. In another study, chickpea (Cicer arietinum L.) seeds also germinated in the
presence of TDZ; however, seedlings were stunted, produced disordered roots and formed thick,
dark green leaves (Murthy et al. 1996). TDZ concentrations (1, 2.5, 5, 10, 20, 25, and 50 µM)
improved germination (more than 75%) compared to MS media without TDZ (62%) in Neem
(Azadirachta indica A. Juss.), reducing germination time to a couple of days instead of a week.
Unfortunately, seedlings were stunted, and root growth was impaired. It was hypothesized that
application of TDZ at 5 and 10 µM improved germination rate more than other concentrations,
possibly due to an endogenous, ethylene-mediated response (Murthy and Saxena, 1998).

Our primary tests showed that when apple seeds are covered by a seed coat, none of the
TDZ, cold stratification, or other treatments could stimulate germination; however, with the
removal of the seed coat, TDZ effectively increased the germination of seeds, and this process
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could be achieved over the course of a week. This finding is in agreement with Bao and Zhang’s
(2010) observations; they reported that the application of chemical substances like BA, H2O2,
H3BO3, KNO3, and PEG could not break dormancy in seeds with the seed coat intact (germination
rate of 16%), but any level of BA treatment could break the dormancy of seeds in the absence of
a seed coat (germination rate over 85%). In their study, pear seeds with seed coats attached also
showed low germination percentage after soaking in different hormones; pear seeds without the
coat exhibited a significant increase in percent germination (Bao and Zhang, 2010).

We observed applying higher concentration of TDZ (20 and 40 µM) reduced the rate of
germination progressively, similarily Malik and Saxena observed the same results by applying of
50 and 80 µM TDZ in germination of Phaseolus vulgaris L. seeds (Malik and Saxena, 1992). As
we recorded, increasing TDZ concentration changed the shape and structure of roots of seedlings.
The primary root was thicker and seedlings were without secondary roots compared to treatment
of media without TDZ (Fig 2 and 3). Malik and Saxena (1992) reported that root development
decreased and that primary root growth was stunted in chickpea (Cicer arietinum L.), lentil (Lens
culinaris Medik.) and garden pea (Pisum sativum L.) treated with TDZ concentrations exceeding
10 µM. In our experiment, TDZ appears to have positive inﬂuence on apple seed germination after
removing the seed coat. It is concluded that TDZ help to overcome the chemical inhibition of
germination in apple seeds and 10 µM TDZ was selected as the optimal concentration resulting in
normal seedling morphology in a relatively short period of time.

2.5

PGR Content

Plant hormones (e.g., auxins, gibberellins, CK) function as important signaling compounds
that work in various dynamics to regulate plant growth and development, and to mediate stress
related responses (Janowicz et al. 2012). TDZ is a synthetic phenylurea derivative (N-phenyl-1, 2,
3-thidiazol-5-yl urea), and has been demonstrated as a mediator of growth and differentiation in
plant species (Siwach and Gill, 2014). Also, TDZ has the capacity to substitute the auxin-CK
requirements of regeneration processes (Visser et al. 1992). Investigation of geranium
Pelargonium domesticum L.H. Bailey, Phaseolus vulgaris L., and peanut Arachis hypogaea L.
established that TDZ influences plant growth by regulating levels of endogenous plant hormones
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(CKs, auxins, GA, and melatonin), especially during the regeneration process (Capelle et al. 1983;
Murthy et al. 1995; Hutchinson et al. 1996; Murthy et al. 1996; Murch et al.1999; Hutchinson et
al. 2000; Murch and Saxena, 2001; Guo et al. 2011; Feng et al. 2012; Erland et al. 2017). The
results of plant growth regulator analysis in this experiment are discussed below.
Salicylic acid (SA)

SA belongs to a group of plant phenolic compounds, and is a key signaling molecule in
many physiological, morphological and biochemical roles, such as regulating plant defense
responses and protection mechanisms against different biotic (e.g., pathogen infection) and abiotic
stresses (e.g., ozone and UV-irradiation, drought, chilling, heavy metal, toxicity, heat and
wounding) (Singh and Usha, 2003; Luo et al. 2001). SA is a signaling compound that acts in
response to various stress factors (Grech-Baran et al. 2015). Also, SA functions to mediate plant
antioxidant capacity (Dat et al. 1998).

Acetylsalicylic acid (ASA), which is a derivative of SA, has previously been found to
interact with TDZ to regulate endogenous plant growth regulators (Hutchinson and Saxena,
1996a). ASA application during TDZ-induction of somatic embryogenesis in hypocotyl explants
of geranium (PeIargonium x hortorum Bailey) caused a two-fold enhancement in somatic
embryogenesis frequency (Hutchinson and Saxena, 1996a). In these cases, ASA enhanced the
efficiency of TDZ response. Conversely, the presence of ASA in culture media of Convolvulus
arvensis L. inhibited TDZ-induced shoot regeneration, which means ASA could decrease potency
of TDZ in plant tissue culture systems (Christianson and Wamick, 1988). Also, in geranium, ASA
reinforced development of TDZ-stimulated somatic embryogenesis significantly by promoting the
mitotic activity in cells responding to TDZ. It is difficult to interpret the different physiological
effects of ASA and SA during somatic embryogenesis because these are interchangeable
compounds (Hutchinson and Saxena, 1996a).

In the present research, it is interesting to note that SA levels were found to decrease
moderately over time. However, SA levels in root samples increased when root were treated with
TDZ. This may be due to regulatory role of SA in plants during stresses (TDZ and wounding)
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because endogenous SA alters resistance responses. These show that SA may not be a significant
factor in mediating TDZ induced regeneration of apple.

In the present experiment, late effect of TDZ treatment during germination process and
effect of wounding of root explants could be potential reasons for high level of endogenous SA
during first three days as defensive and stress mediator compound in root samples. Woundinginducible defenses result in activation of ethylene-inducible pathways, which leads to rises in the
levels of SA (Pieterse and van Loon, 1999). Besides the effect of wounding on ethylene production,
TDZ also stimulates ethylene formation and rapid accumulation of SA (Khalafalla and Hattori,
2000), which provides another explanation for the swift increase in SA level upon exposure of
explants to media containing TDZ. Ethylene is a potential stimulator of SA production in TDZinduced roots. Ethylene accumulation has been shown to increase SA production. In contrast, SA
and ASA function generally as ethylene inhibitors, which reduce ethylene biosynthesis or inhibit
ethylene action; however, under certain circumstances, can induce ethylene synthesis (Pieterse and
van Loon, 1999; Luo et al. 2001).

Furthermore, SA indirectly regulates plant growth and development by interaction with other
signaling molecules and plant hormones (Yusuf et al. 2013). Variation in environmental factors
(e.g., light, carbon dioxide concentrations, water, and temperature) affects the action and
concentration of endogenous plant hormones, which leads to changes in the level of endogenous
SA in a species-related manner (Kurepin et al. 2013).

In conclusion, SA, ASA, and TDZ are known as potent growth regulators with
morphoregulatory roles in plants, and they are involved in the transduction of regulatory signals
(Hutchinson and Saxena, 1996a). After production of SA under the effect of exposure to TDZ
and/or wounding, SA is characterized as a mediator compound to convert unknown defensive
compounds immediately (Pieterse and van Loon, 1999); thus, it makes sense for SA concentration
in initially-wounded tissue to decrease dramatically over time.
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2iP
Purine CK 6-γ, γ dimethylallylamino purine (2-iP) works closely with other PGRs like
auxin to control plant growth and development (Erland et al. 2017). TDZ increases the level of
endogenous purine CK by promoting CK synthesis or preventing their degradation (Thomas and
Katterman, 1986; Sankhla et al. 1994; Nielsen et al. 1995). In Albizia julibrissin Durazz, TDZ
modulates the endogenous CK metabolism gradient in favor of shoot primordia initiation therefore
shoots regenerated from roots of seedlings increasingly under the effect of TDZ (Sankhla et al.
1994). Capelle et al (1983) have proposed that TDZ converts CK nucleotides to biologically-active
nucleosides in the callus tissues of Phaseolus lunatus L.

To address how TDZ affects endogenous purine CK, endogenous CK extraction of root
samples grown on TDZ was assessed. The accumulation of CK (2iP) increased when TDZ was
applied in the media compared to the control. Similarly, Thomas and Katterman (1986) reported
that TDZ stimulates synthesis and accumulation of purine CK in extraction of soybean Glycine
max (L.) Merr callus, and works to enhance callus growth and regeneration capacity. Purine-based
CK (e.g., 2-iP) in appropriate concentrations can reverse the damaging effects of different stresses
(nitrogen deficiency, heat, flooding, chemical and senescence). The application of purine-based
CK improves growth and photosynthesis of stressed plants through changes in internal CK
concentration (Kuiper et al. 1989). Thus, increasing the endogenous level of 2iP in response to
high TDZ concentration (20 µM) compared to control media in the present study could be a
defense mechanism to moderate effects of TDZ in apple seedlings. In addition, accumulation of
purine CK provides a source of energy during the regeneration process, and also supplies required
necessary bases for cell division, growth, and development during regeneration (Hutchinson et al.
2000).
The current study recorded relative reduction with fluctuations ̶ 2 peaks on day 3 and 12
for explants cultured on TDZ media and one peak on day 12 for explant cultured on control media ̶
in 2iP content over the period of the experiment (21 days). TDZ-induced modulation in CK
biosynthesis resulted in the reduced endogenous 2iP pool over exposure time, but enhanced the
levels of other purine-based metabolites (Victor et al. 1999).
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Hutchinson et al. (1996) reported in their results that on media supplemented with 10 µM
TDZ, CK (zeatin, a modified form of 2-iP) experienced a relative increase in concentration,
followed by decrease in the hypocotyl sections of geranium cultures after 2 and 9-10 days of
incubation, respectively. We observed similar fluctuations in 2-iP content in root of apple seedlings
during incubation in 20 µM TDZ media. In our experiment, the initial levels of 2iP were elevated
by TDZ, and started to decline by day 3 of exposure. This gradual decrease continued until day 12
when level of 2-iP increased followed by a reduction on day 21. The initial increase in CKs (2iP)
concentration of explant incubated in TDZ-supplemented media suggests that TDZ modulates
endogenous CK accumulation. TDZ is able to stimulate biosynthesis and accumulation of purinebased CKs, or inhibit their breakdown (by preventing the activation of CK oxidase) (Capelle et al.
1983; Hare and van Staden, 1994; Thomas and Katterman, 1986; Sankhla et al. 1994; Nielsen et
al. 1995).

Tryptophan

Tryptophan converts to Indole-3-acetic acid (IAA) which is major class of endogenous
auxin, through different IAA-producing pathways (i.e., indole-3-pyruvate, tryptamine, or indol-3acetamide pathways), subsequently expressing auxin activity in plant tissues (Spaepen et al. 2007;
Janowicz et al. 2012; Erland et al. 2017). Tryptophan serves as a precursor for synthesizing IAA
in the roots of Phaseolus mungo L. (Ghosh and Basu, 2006). Auxin precursors like tryptophan can
show auxin-like activity with even higher effectiveness than IAA in inducing growth and
development, and are also able to replace IAA in some circumstances (Gaspar et al. 1996).
Although IAA is the primary metabolite of tryptophan (Fig 2.12), it is not exclusive;
tryptophan has several metabolic pathways that can generate different products. For instance,
serotonin (5-hydroxytryptamine) works as an auxin inhibitor in plants (Pelagio-Flores et al. 2011).
When the tryptophan pool is directed to serotonin production, lower amounts of IAA are produced.
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Figure 2.12 Simplified diagram showing the metabolic pathways of tryptophan in plants and mammals. Highly
simplified diagram showing the metabolic pathways of tryptophan in plants and mammals (adapted from Murch et al.
2000, Spaepen et al. 2007). Tryptophan is a precursor to induce the serotonin and melatonin synthesis pathway, niacin
(vitamin B3), protein, tryptamine, pyruvic acid, and IAA. Names of important enzymes are shown above reaction
arrows. Each arrow conceals several enzymatic steps.

Tryptophan can covert to IAA, tryptamine, serotonin, and melatonin and TDZ effects these
conversions. Radiolabeled tryptophan was extracted from these compounds (IAA, tryptamine,
serotonin, and melatonin) in St. John's wort (Hypericum perforatum cv. Anthos) regenerants when
the excised explants were incubated in a media enriched with a solution of

14C-tryptophan

and

TDZ (Murch et al. 2000).

During embryogenesis in the hypocotyl of geranium (Pelargonium x hortorum Bailey)
cultures, TDZ modified endogenous auxin (Hutchinson et al. 1996). Analysis of endogenous levels
of plant growth substances from the hypocotyl of geranium during somatic embryogenesis
indicated that TDZ induced the levels of auxins and CK in treated tissues (Hutchinson and Saxena
1996b). The storage mechanism of auxin - which reduces the level of active auxin in the cells –
includes conjugation of auxin (e.g., IAA) and its derivatives and precursors, to amide, ester-, or
glycoside-forms by banding with molecules like amino acids, alcohols, and sugars (Bandurski et
al. 1995; Gaspar et al. 1996). TDZ modulates endogenous auxin levels and is also able to act as an
auxin substitute during regeneration processes (i.e. somatic embryogenesis in geranium) (Sankhla
et al. 1994). TDZ, GA, and other stimulators can increase the level of IAA as an auxin in plant
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cells, and also stabilize free auxin. Evidence shows that endogenous GA can increase biosynthesis
of auxin (Valdovinos and Sastry, 1968). Therefore, in addition to the effect of TDZ, GA could
potentially be an effective factor on tryptophan content fluctuations reported in this experiment.

In our experiment, tryptophan content of root explants cultured in both media (media with
20 µM TDZ and media without TDZ) experienced decreasing pattern which went down to the
lowest point at day 21 meaning tryptophan converted to othger components (auxin IAA,
tryptamine, serotonin, and melatonin) increasingly. The effect of TDZ could be helpful explaining
why the concentration of tryptophan decreased during the 21 days of TDZ incubation. There is a
chance that the auxin precursor (tryptophan) was converted to auxin increasingly over time but we
can not conclude that because tryptophan decreases with TDZ, that tryptophan is automatically
being converted to auxin. This assumption requires measurement of endogenous auxin pool.
Similar to our results, Murch and Saxena (2002) reported that in St. John’s wort regenerating
seedling samples exposed to 5 µM TDZ for 2 months, tryptophan concentration in the form of 5hydroxytryptophan decreased significantly (2.12 fold), while other metabolites of tryptophan (such
as IAA, tryptamine, and serotonin) increased. Their results demonstrated that tryptophan was
converted mainly to IAA, and to a lesser extent, tryptamine and serotonin. TDZ promotes auxin
transportation and metabolism within plant tissue (Murch and Saxena, 2001). Exposure of explants
to TDZ results to the accumulation of endogenous auxins and CK (Murthy et al. 1995; Hutchinson
et al. 1996; Hutchinson and Saxena, 1996a). Murch and Saxena (2002) observed more
incorporation of radiolabeled tryptophan into auxin than other tryptophan product metabolites
when the culture media was enriched by TDZ.

TDZ induces biochemical modification within plant tissue during regeneration processes
and an optimal concentration and transportation of endogenous auxin was required for induction
of regeneration in TDZ-treated tissue (Hutchinson et al. 1996).

More investigation is necessary to determine if tryptophan is converting to specific
metabolites like auxin, whether metabolite production of tryptophan pathways is related to TDZ
application, and whether the rate of regeneration is distinct in different plant tissues. These
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investigations will provide comprehensive understanding of the tryptophan metabolic changes
during plant regeneration in apples when exposed to TDZ.

Gibberellins

GAs are a class of plant growth regulators including more than 80 different compounds.
These compounds are effective growth regulators associated with germination, stem elongation,
adventitious root formation, and organogenesis induction (Janowicz et al. 2012; Erland et al.
2017). GAs are active compounds in shoots and roots, and root cells are able to produce their own
GA. Higher concentrations of GA control shoot growth, and lower concentrations regulate root
growth. GA deficiency leads to producing dwarf shoots, slightly inhibited root growth, thickened
roots, and low starch content in the cortical cells of roots (Baluška et al. 1993; Tanimoto 1991).
Endogenous GAs play a negative role on somatic embryogenesis of geranium with the present of
10 µM TDZ in the media (Hutchinson et al. 1997).

There are undeniable interactions between GAs and other plant growth regulators
(Hutchinson et al. 1997). In present test, upon incubating explants in the media supplemented with
TDZ, reducing tryptophan concentration was occured which could be due to effect of GAs. GA
variation was associated with tryptophan variation inversely which means when GA concentration
had a slight rise, tryptophan amount decreased and subsequently auxin amount was expected to to
increase since GA stimulates auxin biosynthesis (Valdovinos and Sastry, 1968; Law and Davies,
1990; Ross et al. 2001).

The present result indicatesd that the level of endogenous GAs of root samples was lower
when seedlings were cultured on media with TDZ compared to control media; however, in the
media supplemented with TDZ, GA concentration didn’t change significantly over time and
reached to the lowest amount (0.12 µg.g -1 FW) on day 21. While in the media without TDZ, GA
concentration peaked at 0.74 µg.g -1 FW on day 12 and then slightly decreased. Grossmann (1990)
suggested some growth retardants (e.g., paclobutrazol and uniconazole) prevent GA biosynthesis
and decrease endogenous GAs content and TDZ may have a potent deterrence role on the
production or activation of GA. Some evidences confirm that the metabolism of endogenous GA
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may be modulated by TDZ (Guo et al. 2011), but there is no comprehensive study of the effect of
TDZ on endogenous GAs activation and concentration. The inhibiting role of TDZ on the
production of endogenous GAs is unclear and needs further study (Hutchinson et al. 1997; Noma
et al. 1982). In addition, the role of endogenous GAs in regeneration from apple seedling has not
been explored yet.

Legume seedlings grew abnormally, characterized by stunted development and shorter
internodes, when TDZ was added into the media, indicating that when TDZ is in the media,
endogenous GA concentration is reduced in the explant (Murthy et al. 1995; Murthy et al. 1998).
In agreement to mentioned studies, our observations clearly demonstrated that GA level in the root
of apple seedlings incubated in TDZ-supplemented media were reduced 1.4 times compared to
seedlings grown on MS basal media. It is concluded that TDZ modulates endogenous GA with
decreasing trand. Details about GA-related changes induced by TDZ should be examined further.
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3

Role of thidiazuron in regeneration of multiple shoots from root explants
of ‘Gala’ Apple (Malus domestica)

This chapter is re-formatted from the following article in process for publication:
Role of thidiazuron in regeneration of multiple shoots from root explants of Apple (Malus
domestica)

Abstract

Apple is recalcitrant to regenerate from root tissues. This is an impediment to the utilization
of cryopreservation and genetic modification techniques with this species. Therefore, the main
goal of this study was to improve the regeneration capacity of root segments and intact seedlings
treated with TDZ as plants. The study used ‘Gala’ 10 day old apple seedlings and root segments
treated with various levels of TDZ (0.0, 1.0, 5.0, 10.0, or 20.0 µM TDZ) for 10 and 20 days.
Thereafter, explants were transferred to either basal MS media or MS plus BA 4.4 µM and 1.2 µM
GA3, which is the appropriate combination for apple proliferation (AP). Root segments cultured
on 5 µM TDZ for 20 days were the most responsive (7.59 shoots/root). From different experiments,
the frequency of regenerating buds was higher in root segments than intact explants (77.55 and
22.44%, respectively). Adventitious shoot production was also significantly influenced by
exposure time to TDZ; long exposure times produced high rates of regeneration. Regardless, the
number of shoots per explant differed between treatments, in 72.5% of the treated roots,
regeneration was detected. This highly reproducible regeneration process may be preferred for
recalcitrant species - like apple - with limited root regeneration ability. This study is the first report
of shoot buds regenerated from the roots of seed-derived apple plantlets using TDZ as an elicitor.
An investigation into which cell layer(s) of the root explants were responsible for new shoot bud
production was also conducted. The findings on adventitious shoot organogenesis in ‘Gala’
support the concept that pericycle and inner cortex cells are the origin of root regenerants. The
histology of root segments and intact roots of ‘Gala’ revealed an alteration in root tissue and direct
formation of shoots by 10 or 20 days of exposure to 0 or 20 µM TDZ. The organogenesis process
was slower and occurred less frequently in intact roots without TDZ supplementation and in root
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segments treated for a shorter time (10 days) compared to root segments treated with TDZ and an
extended exposure time (20 days). Moreover, initiation of new shoot buds was more organized in
root segments than intact roots. The results of scanning electron microscopy (SEM) analysis
indicated direct shoot organogenesis occurred all over the root segments (basipetal, middle and
distal sections). The reported success of shoot bud formation and organogenesis was dependent on
the presence of TDZ either before or during the organogenesis process. Application of TDZ as a
pretreatment or during culturing was required to induce organogenesis competence in root cells of
‘Gala’.

3.1

Introduction

To develop profitable high yields of high quality apples, new cultivars, dwarfing rootstocks
and high-density planting systems use (Ontario Apple Growers, 2014). To create high-density
orchards, more good-quality apple trees are needed by Ontario farmers (Ontario Apple Growers,
2014). New young apple trees are formed by grafting scions onto rootstocks. Before rootstocks
and scions are grafted together, they are propagated separately by traditional (sexual/asexual) or
biotechnological methods. Manipulation of the cultivar and rootstock trees are done mostly by
asexual methods and rarely by sexual methods (seed germination) (Steinitz et al. 2009).
Traditionally, vegetative propagation methods (including cutting, budding and layering) are time
consuming (about three years), with low production rate. An additional consequence of these
techniques is that the resulting germplasm cannot be guaranteed virus- and disease-free
(Dobránszki e al. 2010; Hartman et al. 2004).

To overcome these limitations and manipulation apple cultivars a new efficient in vitro
propagation method through biotechnological techniques is required. Micropropagation as a highspeed propagation method under aseptic conditions that has been effectively used for the
production of thousands of healthy and disease free apple rootstocks/cultivars in a limited space
and short period (Bhatti and Jha, 2010). In late 1960s and the early 1970s for the first time,
researchers cultured apple shoot in vitro (Jones 1967).
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Regeneration via micropropagation technology can result in large numbers of plants without
seasonal interruption (Bhatti and Jha, 2010). The lack of a suitable regeneration system has been
a major limitation to the production of transgenic plants (Barton et al. 1983). Therefore, the
availability of a reliable regeneration system is a significant advance for the apple tree industry to
allow it to utilize multiplication, genetic improvement and cryopreservation processes (Malik and
Saxena, 1992; Bhatti and Jha, 2010). However, one of the challenges with in vitro regeneration of
apple is its recalcitrant nature. According to literature review of apple regeneration, shoot
regeneration in apple has been attempted repeatedly from leaves, stem, internode, protoplasts,
meristem, and immature embryo as explants (James et al. 1989; Kotoda et al. 2006; Caboni et al.
2000; Magyar-Tabori et al. 2010; Rizvi 2012). But, reports of in vitro regeneration from root
explants are few. Regeneration from the root may be important, because other parts of plant may
be destroyed by cryopreservation procedures, but root tissues have a better chance to survive these
processes (Chaturvedi et al. 2004). In addition, root explants have advantages over different types
of explants in terms of their ease of manipulation. According to Morton (1991), root tissue is highly
regenerative so it’s an ideal choice for in vitro regeneration (Jose and Satheeshkumar, 2010;
George 1993). Root cells of many plant species are capable of re-differentiating into new
meristematic growing points, which can grow into new independent shoots or roots (Butcher and
Street, 1964; Hartmann 2002). Roots have also received considerable attention as a potential
production system for stable metabolite production (Zobayed and Saxena, 2003). To our
knowledge, there is no report on using TDZ with root tissue as a system for regeneration among
different species of the Rosacea family. Since a large amount of tree germplasm is required to meet
the high demand for planting material in the market (Ontario Apple Growers, 2014), the ultimate
goal of present chapter was to develop a vegetative propagation system to generat plant material
to produce enough apple trees for the establishment and renovation of Ontario apple orchards. In
particular, the current research, examined regeneration from young roots from apple seedling
derived from cv. ‘Gala’ apples (intact germinated seedling and excised root segment explants)
treated with TDZ. In addition, the origins of regenerants were assessed by histological studies.

SEM and other histological procedures are common techniques to observe TDZ-induced
morphogenetic responses from plant organs like roots. Histological studies of regenerated shoots
through light microscopy show the changes inroot cells during organogenesis and confirm
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totipotent capabilities of root cells in appropriate conditions. The process of shoot bud formation
in different plant species usually includes: degeneration of vascular cylindrical and cortical tissues;
formation of high division zones with meristematic cells in inner epidermis and cortex layers of
root tissue; initiation of primary shoot bud structures on meristematic regions; and regeneration of
the shoot apical meristem (SAM) from the root (Da Cruz et al. 2014; Atta et al. 2009; Vinocur et
al. 2000). Due to the documented advantages of shoot regeneration from root tissue, and since the
literature indicates that there are only a few studies that have investigated this culture method, the
main objective of second part of this chapter was to assess the point of origin of new shoots
derived from root explants of ‘Gala’ apple. TDZ has been previously shown to facilitate efficient
meristematic cells development and reprogramming their development for shoot differentiation.
TDZ also promotes the responsiveness of cells to factors involved in the regeneration process (Dey
et al. 2012). In the present experiment, TDZ was applied to explants as an exogenous stimulant. It
is hypothesized that TDZ will induce organogenic competence in the cells of root explants.

According to several studies, bud regeneration initiates from the pericycle layer in root
tissues, which is induced as an “extended meristem” or a group of “stem cells” in plants with
pluripotent capability under regenerative conditions (Duclercq et al. 2011). The pericycle cells are
able to re-enter cell division processes upon induction with CKs, and are able to produce shoots
while maintaining the correct ploidy level after multiple rounds of division, thus maintaining the
genetic stability of the regenerants (Rocha et al. 2012). Flow cytometric analyses of nuclei and
other methods have demonstrated the genetic consistency of regenerants from pericycle cells of
root explants (Atta et al. 2009).

Pericycle cells have the capacity to form lateral roots and shoot meristems, with appropriate
PGR induction (Atta et al. 2009; Yang et al. 2010; da Cruz et al. 2014). During bud formation
from meristemoid, plasmodesmata structures occur frequently. They facilitate intercellular
transportation of trigger factors and signaling molecules associated with the regeneration process
(Vinocur et al. 2000; Atta et al. 2009; Rocha et al. 2012). The initial change of pericycle cells is
referred as dedifferentiation. The dedifferentiation process in cells does not require reprogramming
to the ground state as widely believed (Sena and Birnbaum, 2010). Histological studies confirmed
that the pericycle and surrounding layers of cells is the initial site for shoot bud formation in many
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species (Vila et al. 2005). For instance, in Arabidopsis thaliana L., new shoots were grown from
pericycle cells of roots (Atta et al. 2009). In roots of Populus tremula L., shoots regenerated from
sub-epidermal cell layers. Shoot buds initiated very close to the meristematic primordia of lateral
roots (Vinocur et al. 2000). In root segments of Centaurea ultreiae, Passiflora edulis, and
Convolvulus arvensis, Ipomoea batatas cv. and Citrus aurantifolia Linn, and Brassica oleracea
L., shoot buds regenerated from parenchymatic cells and the pericycle layer of the root (Mallón et
al. 2011; Bonnett and Torrey, 1966; Bhat Chitralekha and Chandel, 1992; Yang et al. 2010;
Delgado-Paredes et al. 2016). Regenerates will develop and form an opening among cortex cells
toward the outer layers and the cortex of the root, and finally differentiate into exposed
organogenic nodules or SAMs (Vila et al. 2005).

3.2

Materials and methods:
Seed germination and culture medium

Apple fruits (cv. ‘Gala’) were purchased from a local store (Domenics NOFRILLS,
Guelph, ON) and seeds were extracted from the fruits. In general, apple fruits remain in cold
storage for a year before coming to the market (Kupferman, 1997). Seed coat removal was essential
for seed germination. After removing seed coat manually using forceps, seeds were surfacesterilized with 15% commercial bleach (sodium hypochlorite, 5.5%) solution with two drops of
Tween-20 (Sigma-Aldrich, Oakville, ON) for 10 minutes, followed by 5 minutes of rinsing with
sterile deionized water three times.
The optimized concentration of 10.0 μM TDZ (TDZ, Caisson Laboratories Inc., UT, USA)
for explant response (see above) used for further experiments for apple seed germination. After
sterilization, the seeds were cultured on MS basal medium supplemented with 10.0 μM TDZ, 30
g·L-1 sucrose and 2 mL·L-1 Plant Preservative Mixture (PPM, Plant Cell Technology, Washington
DC, USA). The culture medium was gelled with 2.2 g· L–1 phytagel (Sigma-Aldrich, Oakville,
ON) and the pH was adjusted to 5.7 prior to autoclaving at 121 °C and 118 kPa for 20 min.
Autoclaved culture medium was dispensed into sterile Petri dishes (100×15mm - Fisher Scientific,
Canada) about 20 mL. Five seeds were placed onto the culture medium in Petri dishes that were
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sealed with Parafilm (Fisher Scientific, Canada). All Petri dishes were maintained in a growth
room at 25ºC and 16:8 h light/dark photoperiod (35 µmol.m–1·s–1) provided by cool white
fluorescent lamps (Osram Sylvania Ltd., Mississauga, ON).

Shoot induction using root explants

Ten days old ‘Gala’ apple seedling (Fig. 3.1 A, B, C and D), in two types of explants –
intact roots (root connected to the mother plant) and 6-8 mm long root segments (root separated
from the mother plant) were used for experiments. Explants were cultured on MS basal medium
supplemented with 5 different concentrations, 0.0, 1.0, 5.0, 10.0, and 20.0 μM of TDZ. For each
treatment, five explants were placed onto culture media plates and each treatment consisted three
replications (4 petri plates with 5 explants were prepared per treatment). All petri dishes were kept
in a growth room with same condition as mentioned above. All explants were sub-cultured after
10 and 20 days of culture to evaluate the effect of different times of exposure to TDZ.

Figure 3.1 Effect of TDZ on ‘Gala’ apple seedlings after 10, 14, 20, 37, 52, 66 and 120 days on media supplemented
with TDZ. ‘Gala’ apple seedlings after 10 days on MS media without TDZ (A). Seedling after 10 days on MS media
with 10 µM TDZ (B, C). Effect of exposure period to 10 µM TDZ for 14 (D), 20 (E), 37(F), 52(G), 66(H) and 120(I)
days.
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Shoot development and multiplication

After 10 and 20 days of exposure to TDZ media (Fig. 3.2), the explants were transferred to
the media for further shoot growth and development. Two different media were evaluated for
shoot growth and multiplication, 1) MS basal media without plant growth regulators (PGRs) and
2) Apple proliferation (AP) media which was MS basal media supplemented with 4.4 µM
benzylaminopurine (BA) and 1.2 µM gibberellic acid (GA3, PhytoTechnology, KS, USA). The AP
media was previously optimized for shoot multiplication by this lab (data not shown). Both media
were solidified using 2.2 g· L–1 phytagel and 50 mL of medium was poured in Magenta® GA7
boxes (PhytoTechnology Laboratories, Shawnee Mission, KS). All culture vessels were kept in
the growth room for 30 days. Records were made the number of shoots developed per explant on
a weekly basis.

Figure 3.2 Shoot regeneration on root segments of ‘Gala’ apple. Multiple shoot regeneration on root segments of
‘Gala’ apple after 5 (A), 10 (B) and 20 (C) days culture of on 5 µM TDZ. Shoot regeneration on different parts of
intact seedlings after 5 (D), 10 (E) and 20 (F) days.

Histological analysis

‘Gala’ apple seedlings germinated on growth media as described above in the presence of
10 µM TDZ were utilized for histological studies. Root segments (10 – 15 mm) were excised 10
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days after germination and plated on growth media without or with 20 µM TDZ. Three replicate
with five explants per plate were used for each treatment, and each treatment contained at least
three replicates. After 10 and 20 days, explants with shoot buds were prepared for microscopy.

3.2.4.1 Preparation of root samples for scanning electron microscopy (SEM)

Root samples were kept in 20 mL of fixative 2% glutaraldehyde (Canemco Inc., Quebec,
Canada) with 0.07 M Sorensen’s phosphate buffer (Fisher Scientific, Pittsburgh, United States), at
a pH of 6.8 (buffer with the same pH and osmolality as the biological samples to protect the tissue
from changes during fixation) overnight, at room temperature in a fume hood. Following fixation,
the samples were post-fixed in 1% osmium tetroxide (Fisher Scientific, Canada) to improve the
contrast of the tissue.

The buffer solution was replaced with 5 mL of 50% ethanol (v/v) to begin dehydration of
the samples. Ethanol was gradually increased to 70, 80, 90, and 100%. Roots were kept in ethanol
for 10 minutes at each step. The 100% ethanol treatment was repeated three times in 10-minute
intervals. Water was then replaced with ethanol.

Dehydrated samples were placed in a Critical Point Drying (CPD) chamber (Physics
Department, University of Guelph, Ontario, Canada) covered by 100% ethanol. The chamber was
pre-cooled to a temperature of 15°C. In a series of soak-and-purge steps, ethanol was completely
replaced with CO2, after which the temperature and pressure of the chamber was increased to 1072
psi and 31.2°C (critical point).

Samples were mounted on double-stick electrically-conductive carbon tape (Canemco Inc.,
Quebec, Canada). Samples were then placed in a sputter coater (Emitech k550. Ashford, Kent,
UK) and coated with a 15 nm electrically conductive heavy metal (gold) to improve the secondary
electron signal and inhibit thermal damage and charging of the sample during SEM observation.
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3.2.4.2 Preparation of root segments for microscopy
3.2.4.2.1 Olympus BX60 light microscope

Root segments were fixed with 2% glutaraldehyde (Canemco Inc., Quebec, Canada)
prepared in 0.07 M phosphate buffer (Fisher Scientific. Pittsburgh, United States) before
transferring to the sectioning lab. At the sectioning lab, the glutaraldehyde was replaced with
formalin (Leica Biosystems Inc., Concord, Ontario, Canada). Root segments were then embedded
in wax with a Scientific™ Excelsior™ AS Tissue Processor (Thermo Fisher Scientific. Waltham,
USA.). In this process, samples were dehydrated through an ethanol-xylene series while the wax
infiltrated the root tissue.
The HistoStar™ Embedding Workstation (Waltham, MA, USA) was used to embed root
tissue samples into wax blocks for microtome sectioning. The hardened blocks were sectioned
using the Leica RM2255 Fully Automated Rotary Microtome (Leica Biosystems Inc., Ontario,
Canada.). Sections of paraffin-embedded specimens were 4 microns in thickness. Samples were
dried in the oven at 57-60°C for 20 min. The slides were stained with 0.5% Methylene Blue
(Certified Biological Stain, Fisher Chemical. New Hampshire, United States), and the stained
slides were covered by Histo-resin for reliable long-term storage. The procedure was operated by
a Leica CV5030 Fully Automated Glass Cover-slipper (Leica Biosystems Inc. Ontario, Canada).

3.2.4.2.2 Stereo zoom microscope (AxioZoom.V16. Germany)

No preparation of root tissue was needed for observation with the AxioZoom.V16 light
microscope.

Experimental setup, data collection and statistical analysis

This regeneration experiment was conducted in a factorial design with three replications.
Each treatment consisted of 4 petri dishes with 5 explants per dish. Data were analyzed using
ANOVA procedure of SAS® (version 9.0.2 for Windows, SAS Institute, 2002) to evaluate the
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significance of the main effects and the interaction effects. Means values of treatments were
compared using Duncan multiple range test. Data represents the means of treatments and were
subjected to logarithmic transformation. The original data (non-transformed) is presented in the
Table 3.1. Different letters in the Table and Figures indicate significant differences at p<0.05.

3.3

Results
Results of Regeneration experiment

In the present study, seedlings developed with normal roots and shoot, and a pair of
cotyledons (Figs. 3.1 C and D). Both types of explants, root segments and intact roots, which were
previously cultured on the MS basal media supplemented with 10.0 µM TDZ showed better
response in a week for the shoot development compared to other TDZ concentrations (Figs. 3.3).

3.3.1.1 Effect of TDZ concentration on regeneration from apple root explants

Regeneration was dramatically induced by TDZ at various concentrations (Fig. 3.4) and no
bud /shoot formation was observed in the explants in the control (0 µM TDZ) treatment (Fig. 3.4).
Initiation of callus formation and shoot induction in the media with 5, 10 and 20 µM TDZ observed
earlier compared to media with 1.0 µM TDZ and control treatments. In addition, 5 µM TDZ was
the most effective concentration utilized, yielding the highest regeneration rates on root segments
(7.59 shoots/explant). The number of shoots/explant did not differ between 5 µM TDZ in MS
media and 20 µM TDZ in AP media (7.59 and 7.19 shoots/explant; demonstrated in Fig. 3.4). The
concentration of TDZ required to obtain maximal shoot formation in cut explants (5 µM TDZ)
was significantly lower than the 20 µM TDZ required for intact seedlings. Fig.3.4, which looks at
the type of media, explant type (segment or intact), exposure time, and TDZ concentration
interactive effects on regeneration frequency of shoots on ‘Gala’ apple root explants, shows that 5
µM TDZ had the strongest induction effect on regeneration when MS media applied and it was
responsible for 34.79 % (regenereted shoot in each level of TDZ×100)/ total of regenerated shoots
in all TDZ levels) of detected regeneration responses. This number dropped to 0% of the explants
when TDZ concentration reduced to 0 µM (Fig 3.4 A).
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3.3.1.2 Effect of type of explant on regeneration from apple root explants:

The position of the explant (detached or attached to the mother plant) made a difference in
regards to regeneration (Figs. 3.4, Table 3.1 Appendix B). Cutting explants had a significant
promoting effect on regeneration frequency (Fig. 3.4) since the rate of regeneration in cut explants
was 77.66 compared to 22.33% in intact explants (regenereted shoot in each type of explant×100)/
total of regenerated shoots in both types of explant).

Shoots differentiated in most root explants indirectly, from callus that formed on the
explant. By contrast, for intact seedlings, shoot buds generally developed directly without callus
formation. However, indirect regeneration on intact seedlings was observed in a few cases (Fig.
3.3).

Figure 3.3 Direct and indirect shoot formation from ‘Gala’ apple seedling tissues cultured on media containing 20 µM
TDZ after 20 days of exposure. (A, B) Direct shoot formation from intact seedlings. (C, D) Indirect shoot formation
from root segments.
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By studying the interaction effect of media composition and explant type, it was found that
the regeneration frequency in excised explants increased compared to intact seedlings (Fig. 3.4).
From this experiment, the number of regenerating buds appeared to be higher in cut explants rather
than intact explants (77.66 and 22.33% average from different treatments, respectively;
represented in Figs. 3.4). Based on Fig. 3.4, which represents the interaction effect of final media×
cutting× exposure time, with both media MS and AP taken into consideration, the combination of
cut+20 days of exposure of 5 µM TDZ on MS final media and cut+20 days of exposure with 20
µM TDZ on AP final media promoted increased regeneration over other treatments (7.59 and
7.19/explant, respectively).

Figure 3.4 Interaction effects of media, explant type, exposure time, and TDZ on the number of shoots regenerated on
‘Gala’ apple roots. Data are averages of three replicates containing at least 60 samples ± standard error of means
(SEM). There were no significant differences among values labelled with the same letter(s), according to a Duncan’s
test at p-values <0.05.
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3.3.1.3 Effect of TDZ exposure time on regeneration

TDZ also induced regeneration more efficiently with longer exposure times. Among two
tested exposure times in this experiment (10 days and 20 days), exposing explants to TDZ for
longer periods of time significantly increased regenerating buds’ frequency (Fig. 3.4). 5 µM TDZ
for 20 days of exposure resulted higher bud formation frequency than 5 µM TDZ for 10 days of
exposure (Fig. 3.4).

Adventitious shoot formation was promoted by exposure time, and longer exposure time
produced higher regeneration rates (Figs. 3.4, Table 3.1 Appendix B). Root explants incubated for
20 days showed significantly higher regeneration rates, with 84.32% of explants regenerating,
compared to incubation for 10 days, which resulted in 15.67% regeneration frequency. By
applying longer exposure time, 5 and 20 µM TDZ were observed as the most effective
concentrations. Root segments that were exposed to 5 and 20 µM TDZ for 20 days had the highest
regeneration rate (7.59/explant) followed by 5 µM TDZ for 20 days (7.19 regenerants/explant) as
demonstrated in Fig 3.4.

The exposure of root samples to TDZ beyond 40 days, demonstrated the negative effects
of TDZ on the development of new shoots. Figs. 3.1 (E to I) illustrate negative side effects of
exposure to 10 µM TDZ in ‘Gala’ apple seedlings, such as: swelling, vitrification, dwarfing and
abnormal growth after 14 (D), 20 (E), 37(F), 52 (G), 66 (H) and 120 (I) days.

3.3.1.4 Effect of media on shoot development

The composition of the media did not seem to have any effect on increasing the number of
buds and further growth of regenerating buds. Results of analysis variance revealed that both tested
media (AP and MS) showed no significant differences on the growth of regenerating adventitious
shoot as demonstrated in Table 1.3 Appendix B. Even when the interaction effects of the media
were considered with type of explnt (segment vs. intact explants), TDZ concentration, and
exposure time. The highest regeneration rate (7.59/explant) was achieved with 5 µM TDZ on root
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segments + MS media. However, incubation of the explants in AP media (which included BA +
GA3) after TDZ exposure produced relatively more bud regeneration with 1, 5, 10, and 20 µM
TDZ, compared to the same treatments in MS media (Fig. 3.4).

Histological analysis

An anatomical investigation and visual analysis of root explants was carried out by light
microscopy (Axio zoom, v16 and Olympus bx60) and scanning electrom microscopy (SEM)
(Hitachi S-570). Figures 3.5, 3.6, and 3.7, depict longitudinal sections of ‘Gala’ apple root samples,
and clearly show degeneration and disintegration in root tissues. After 10 and 20 days of culture,
either in presence or absence of TDZ, roots showed degeneration in the perivascular region,
parenchymatous tissues, and the cortical layers (Figs 3.5, 3.6, 3.7, 3.13, 3.16 C, D). The
degeneration frequency was lower with a shorter exposure time (10 days) (Figs 3.6A, B, C, 3.7A,
B, C, 3.13A, B, C) and higher with a longer exposure time (20 days) (Figs 3.6D, E, F, 3.7D, E, F,
3.13D, E, F). After 8-10 days of culture, all root explants showed disintegration in parenchymatous
tissue of the vascular system, inner cortex, and the surrounding zones (Figs.3.5, 3.6, 3.7 and 3.13).
It was noticed that within a few days of culture, clusters of small, densely-cytoplasmic,
meristematic, cells formed (Fig. 3.8). Endodermis, parenchyma, and cortical cells had loose
arrangements in control tissues (0) and those treated with 20 µM TDZ, but this arrangement was
more apparent and more frequent in tissues treated with higher levels of TDZand given longer
exposure times (Fig 3.6 D, E, F, 3.7 D, E, F, 3.13D, E, F).
The initial stage of organogenesis and shoot bud formation occurred in ‘Gala’ root tissues,
as indicated by the high division of cells in the epidermis, sub-epidermal layers, and cortex layers
of intact roots (Fig 3.8). Root explants exhibited cell centers with small, dense, and compact cells
without intercellular spaces, indicating the formation of meristematic zones. These regions divided
multiple times and formed meristemoid sites (Fig 3.8). These sites actively proliferated and
gradually arranged compact structures of primary shoot buds. During shoot bud formation, poorly
recognizable vascular regions marked connection between the parent root explant and new shoot
bud (Figs 3.9, 3.10). Development of a meristematic dome – surrounded by a pair of leaf primordia
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– into a shoot bud initial, with further differentiation into fully developed shoot buds, was observed
(Fig. 3.9, 3.10, 3.11, 3.12D, E, F, 3.14C, D, E, F, G, H, 3.15, 3.16 A, B, 3.17A, B, C, 3.18).

Figures 3.9 and 3.10 show organogenesis and formation of the primary vascular cambium
in root segments and intact roots of ‘Gala’ apple. Procambium cells differentiated into primary
xylem and primary phloem.

Figure 3.5 Degeneration of the vascular cylinder and cortical tissues of apple ‘Gala’ root segment cultured on 0 µM
TDZ for 10 days. Light micrograph obtained with an Olympus bx60 microscope from longitudinal sections of an apple
‘Gala’ root segment. The ‘Gala’ root segment was previously cultured on 0 µM TDZ for 10 days. Arrows indicate
zones of destruction

Figure 3.6 Degeneration of vascular cylinder and cortical tissues in “Gala” apple root segments cultured on 20 µM
TDZ. (A-C) Light micrograph obtained with an Olympus bx60 from root segment that was previously cultured on 20
µM TDZ for 10 days. Degeneration of the vascular cylinder and cortical tissues is presented. Arrows indicate zones
of destruction. (D-F). Light micrograph obtained with an AxioZoom.V16 microscope a root segment cultured on 20
µM TDZ 20 days. Arrows indicate zones of destruction.
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Figure 3.7 Degeneration of vascular cylinder and cortical tissues in an apple ‘Gala’ root segment cultured on 20 µM
TDZ for 10 days and 20 days. Light micrograph obtained with an AxioZoom.V16 microscope from longitudinal
sections of an apple ‘Gala’ root segment. The ‘Gala’ intact roots were previously cultured on 20 µM TDZ for 10 days.
Degeneration of cortical tissues, vascular cylindrical region, and parenchymatous cells are presented. Arrows indicate
zones of destruction (A-C). Light micrograph obtained with an Olympus bx60 microscope from longitudinal sections
of an apple ‘Gala’ root segment. The ‘Gala’ intact roots were previously cultured on 20 µM TDZ for 20 days. Arrows
indicate zones of destruction (D-F).

Figure 3.8 Initial stage of regeneration and shoot bud formation on zones with high division of inner epidermis and
cortex cells on intact root tissue of an apple ‘Gala’ root segment cultured on 20 µM TDZ for 20 days. Light micrograph
obtained with an AxioZoom.V16 microscope from longitudinal sections of an apple ‘Gala’ root segment. The ‘Gala’
root segment was previously cultured on 20 µM TDZ for 20 days. Arrows indicate zones of multiple densely
meristematic areas.
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Figure 3.9 Shoot apical organization on regenerating an apple ‘Gala’ root segment cultured on 20 µM TDZ for 10
days and on 20 µM TDZ for 20 days and 10 days. (A) Bud formation present (circle). (B) Close up of shoot bud.
‘Gala’ root segment stained with methylene blue and previously cultured on 20 µM TDZ for 20 days. (C) Primary
structure of shoot apical formation regenerated on root surface. (D) Close-up image showing shoot apical organization
on regenerating root segment. SAM=SAM, Gm=ground meristem, Ep= epidermis, Yl= young leaf, Co= cortex, Pc=
procambium, Pd= protoderm, Dv= developing vascular strand.

Figure 3.10 Shoot bud formation and vascular cylinders formation during regeneration on an apple ‘Gala’ root segment
cultured on 20 µM TDZ for 10 days. (A) Shoot bud organization on root surface with leaf primordia, apical meristem
and two young leaves (arrow). (B) Shoot apical organization regenerating. Apple ‘Gala’ root segment stained with
methylene blue. ‘Gala’ intact roots previously cultured on 20 µM TDZ for 20 days. (C, D) Two vascular cylinders
present, showing communication between vascular strand in new shoot and the vascular system of parent explant. Lp=
leaf primordia, SAM= SAM, Yl= young leaf, Pc= procambium, Ep=epidermis, Co= cortex, Pm=pith meristem, Pd=
protoderm, Am= axillary meristem, Vc= vascular cambium.

96

Figure 3.11 Shoot bud regeneration occurrence on epidermis and cortex cells of an apple ‘Gala’ root segment cultured
on 0 µM TDZ for 20 days. (A-B) shoot bud regeneration occurred on epidermis and cortex cells. Pc= procambium,
VC=vascular cambium, Co=cortex, Ep=epidermis, Yl=young leaf, Pd=protoderm, SAM=SAM, Gm=ground
meristem, LP=leaf primordia. Light microscopy photograph by AxioZoom.V16 microscope from longitudinal section
of apple ‘Gala’ root segment and stained with methylene blue. ‘Gala’ intact roots previously cultured on 0 µM TDZ
for 20 days. (C-E) Initiation of shoot bud from epidermis and cortex cells. Pc=procambium, Pd= protoderm, Yl=
young leaf, SAM=SAM, LP= leaf primordia, Gm=ground meristem

Figure 3.12 Cross section of root samples embedded in wax. Cross section of root samples embedded in wax showing
degradation of root tissue (A, B, C) and formation of shoot from the root explants (D, E, F) for root samples previously
cultured in 20 µM TDZ after 10 days and 20 days.
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Figure 3.13 Degeneration of an apple ‘Gala’root tissue after exposure to 0 and 20 µM TDZ for 10 days. Light
micrograph obtained with an AxioZoom.V16 microscope from an apple ‘Gala’ root showing gradual degeneration of
root tissue after exposure to TDZ for 10 days at 0 µM TDZ (A, B, C) and 20 µM TDZ (D, E, F).

Figure 3.14 Direct organogenesis on an apple ‘Gala’ root segments after 10 and 20 days of exposure to 0 and 20 µM
TDZ. Accumulation of pigments in different zones of root reflects the effectiveness of TDZ on root tissue (A-B).
Primary stages of direct shoot bud formation on root segments after 10 days exposure to 20 µM TDZ (C-D). Direct
organogenesis in root segments of apple ‘Gala’ and well-developed shoot bud surrounded by young leaves after 20
days of exposure to 0 µM TDZ (E-F). Direct organogenesis and shoot bud formation from the distal part of root
segments close to root tip after 20 days exposure to 20 µM TDZ (G-H).
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Figure 3.15 Direct shoot bud formation on an apple ‘Gala’ root treated with 20 µM TDZ for 10 days. (A) Light
micrograph obtained with an AxioZoom.V16 microscope from an apple ‘Gala’ root showing displaying the initial
stage of direct shoot bud formation on disintegrating surface of apple ‘Gala’ root treated with 20 µM TDZ for 10 days.
(B) Subsequent development of apical bud tissue and pair of primordia.

Figure 3.16 Degenerating and disintegrating of root tissue and shoot bud regeneration on an apple ‘Gala’ root coated
with 9 nm gold layer as a high conductive metal. (A, B) shoot bud is regenerated from distal end of apple ‘Gala’ root
induced by TDZ for 10 days in MS basal media. (C and D) Degenerating and disintegrating of root tissue as a result
of TDZ late effect.

Scanning electron micrographs (Figs 3.17, 3.18) confirmed direct organogenesis from
‘Gala’ root, with regeneration occurring all over root segments, including the basipetal, middle
and distal sections (Fig 3.17). Histological and SEM studies (Fig 3.17) revealed that the
regeneration process followed a gradient pattern in the roots, meaning tha ’Gala’t more buds
formed on the sections nearest to the shoot (Fig 3.18) and fewer buds formed on the distal end,
close to the root apex.
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Figure 3.17 Direct organogenesis from proximal, middle and distal part of apple ‘Gala’ root explants. Scanning
electron micrographs of direct organogenesis in apple ‘Gala’ root explants. Shoot bud is regenerated on distal part of
root segment cultured on MS media (A), middle part of root segment cultured on MS media (B) and proximal section
of intact root cultured on 20 µM TDZ for 10 day (C). Bars: A = 1.36 mm; B=1.00 mm, C = 1.76 mm

Figure 3.18 Direct shoot organogenesis in proximal section of apple ‘Gala’ intact root. (A-C) Scanning electron
microscope micrograph of direct shoot organogenesis. Scanning electron microscope micrograph of direct shoot
organogenesis in proximal section of apple ‘Gala’ intact root cultured on media supplemented with 20 µM TDZ for
10 days. Bars: A = 1.76 mm, B= 1.00 mm, C = 0.50 mm.
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3.4

Discussion
Regeneration
Roots of apple have been found recalcitrant to regeneration (Bhatti and Jha, 2010; Guo et al.

2012). In a majority of the published protocols on apple regeneration, TDZ is used. Moreover, the
most usual explant is leaves. However, limited information is available for regeneration from root
segments in apple. According to a literature review, apple seedlings have regeneration potential
(Liu et al. 1983) but there is no effort on regeneration plants from cultured apple root segments by
application of TDZ. An improved apple root regeneration system would be valuable because they
are: ideal explants for cryopreservation of genetic resources, easy to culture and maintain and
genetically uniform and stable over a long period.

The difficulty in regeneratng recalcitrant plants like apple creates an impediment to their use
in cryopreservation processes and the production of transgenic plants. The present study was aimed
to develop a reproducible and high frequency regeneration protocol from root of apple by applying
TDZ to enhance germination and induce regeneration. This experiment explored the regenerative
potential of apple ‘Gala’ root and seedlings since organs of plant in juvenile phase of development
have more regenerative cells (Murashige 1974). Based on the present investigation, the factors
governing regeneration from apple root were observed to be appropriate TDZ concentration,
sufficient exposure time and cutting the root tissue.

TDZ has been shown to be one of the most important factors for induction of regeneration
in different recalcitrant species (Ainsley et al. 2001; Leblay et al. 1991; Dobránszki et al. 2010;
Huetteman and Preece, 1993). Many authors have shown that TDZ mimics CK activity (De Bondt
et al. 1996; Hosokawa 1996). Malik and Praveen (1991 and 1992) also confirmed the positive and
promotive effects of TDZ in inducing shoot formation. In the majority of published protocols for
inducing Malus regeneration, the most frequent kind of CK used is TDZ and the most usual explant
is apple leaves (Aldwinckle and Malnoy, 2009).

Our results showed the presence of TDZ was necessary to induce and promote regeneration
from apple root. Significantly higher bud emergence was observed when explants were treated
with 5 µM TDZ. In root explants, it might be that lower TDZ concentrations could result in higher
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regeneration efficiency due to increased sensitivity to environmental factors (Pawlicki-Jullian et
al. 2002). TDZ concentration should be elevated enough to induce dedifferentiation of root cells
and subsequent re-differentiation into differentiated cells. With increased concentrations of TDZ,
the regeneration response appeared earlier; however, dwarfing resulted as a negative and
unfavorable side effect. In concentrations higher than 20 µM (30 and 40 µM TDZ), explants
demonstrated deleterious side effects (data not shown), such as swelling, hyperhidricity
(vitrification), dwarfing, and abnormal growth which is confirmed by Magyar-Tábori et al. (2010).

Investigation of the interaction effect of TDZ and cutting shows that root explants
demonstrate better response to TDZ than intact seedlings. Our results show that leaving a
connection between the root and the donor plant significantly decreases the regeneration rate on
the root. Cutting the explant has been demonstrated to improve adventitious bud development from
leaves of the apple rootstock M26 (Predieri and Malavasi, 1989), but until now there has been no
report on apple root explants.

We found emerging shoot regeneration on root explants with the highest number in media
supplemented with 5 µM TDZ after 10-12 days (970 shoots were regenerated on roots in total). In
contrast, Pawlicki-Jullian et al (2002) were not able to obtain regeneration from the root explants
of normal plants. They achieved the highest adventitious shoots regeneration on connected roots
(seven shoots were regenerated on roots in total) with 1 μM TDZ after 5–8 weeks which may relate
to the other effective factors include media components, variety, age of explant and environmental
factors. Therefore, in apple ‘Gala’ the presence of TDZ promoted embryogenesis and abnormal
shoots. However, TDZ concentration more than 22.7 µM inhibited organogenesis strongly
(Montecelli et al. 2000). Required amount of TDZ is different among different plants and species
because there are significant differences among apple cultivars in organogenesis ability (Welander
1988; Fasolo et al. 1989; Sriskandarajah et al. 1994).

Obtaining better results from root explants could be explained by the fact that excised roots
have larger contact surface (20-50 mm diameter) with the media compared to intact seedlings,
which can influence meristematic activities of root cells. This is consistent with results presented
by Jose and Satheeshkumar (2010). In root explants, the function of shoot signals is removed.
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When environmental stress leads to decrease shoot growth, CK play an important role to minimize
the effect of environmental pressure. Synthesized CK in root caps increases the sensitivity of
vascular cambium to the reducing amount of auxins received from the shoot. As a result, vascular
differentiation and CK, cellular divisions, and developing shoot structures are promoted (Aloni et
al. 2006). According to the result of Cheng et al. (2013), the auxin and CK responses interact
during regeneration antagonistically. This means that CK biosynthesis is negatively regulated by
auxin signaling. In connected roots, there are two auxin sources: polar auxin transport and local
auxin biosynthesis, whereas in separated roots only local auxin biosynthesis remains. In root
explants, phytohormonal signaling from the shoot has been removed so the influence of auxin is
reduced, which leads to strengthen CK responses. CKs are critical regulators for cambium
development, stem cell induction, and establishment of shoot meristem (Cheng et al. 2013);
therefore, it is reasonable to have more regeneration in root explants when CK influence is
enhanced.

Additionally, wounding effects in root explants must be considered. In different apple
cultivars like Åkerö, McIntosh, McIntosh Wijcik, Gravenstein and the apple rootstock M26, the
regeneration capacity is influenced by wounding (Welander 1988). Wounding signals are triggers
for plant regeneration. The wound signals cause changes in gene expression and hormonal balance
via several suggested candidates, including Ca2+, reactive oxygen species (ROS), plasma
transmembrane potential, and plant hormone flux. These changes have been supported in studies
conducted with Arabidopsis, where wound-responsive genes are strongly related to the CK
pathway and subsequent plant regeneration (Su and Zhang, 2014). Earlier reports show that CK is
an essential hormone for shoot induction and stem-cell initiation in Arabidopsis with the assistance
of auxin components (such as the auxin receptor TIR1 and response gene ARF3). CK also regulates
auxin response during shoot formation. Research has revealed that overproduction of CK
facilitates shoot induction from root explants (Su and Zhang, 2014). Overall, the frequency of
regenerated buds was dramatically higher in all root explants, and bud emergence decreased when
explants remained attached to the mother plants. In this experiment we achieved regeneration on
both intact seedling and root explants we achieved the highest regeneration rate on root explants
rather than intact seedling. In this context, we showed that intact seedlings and root explants of
apple ‘Gala’, are fully capable to regenerate without wounding (excision) which confirmed the
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finding of Malik and Praveen (1991 and 1992) who proposed that in cotyledonary nodes, wounding
is not necessary for meristem initiation. TDZ may modifying the synthesis or accumulation
pathways of CK (Malik and Saxena, 1992).
Adventitious shoot formation was promoted by exposure time and keeping samples in
medium containing TDZ for longer time increased shoot bud formation dramatically. The results
imply that 20 days of exposure provides enough time for TDZ to be an effective exogenous PGR
on apple, especially on root explants, which are more sensitive to hormone treatment (Fig. 3.5).
After 20 days of exposure, many of the explants began to show negative effects of TDZ, such as
swelling, hyperhydricity, and developing a yellowish-brown color (Magyar-Tábori et al. 2010).
Prolonged exposure of regenerated buds to TDZ may have reduced the survival of buds. This
observation agrees with the fact that CK -induced apoptosis could be related to the length of
exposure time (White and Broadley, 2003).

Histology

Formation of shoot buds from roots using TDZ to mediate the process is an efficient method
for regeneration (Vinocur et al. 2000). However, the mechanisms of how shoots development from
root explants is not well understood. Structural analysis is an effective approach to study the
changes that occur during plant morphogenesis and shoot bud formation. Histological studies are
important for the confirmation of the origin of new shoot buds from root explants (Vila et al. 2005).
Analysis of shoot induction from roots of Melia azedarach L., Centaurea ultreiae Silva Pando,
Convolvulus arvensis L., Passiflora edulis Sims, Ipomoea batatas (L.) Lam., Citrus aurantifolia
(Christm.) Swingle, and Brassica oleracea L. showed the origin of new adventitious shoot buds
were pericycle cells in the root explants (Bonnett Jr and Torrey, 1966; Bhat Chitralekha and,
Chandel 1992; Vila et al. 2005; Yang et al. 2010; Mallón et al. 2011; Delgado-Paredes et al. 2016).
Converting root cells into shoots or embryos under the effect of TDZ indicated the presence of
totipotent cells in roots (Joshi et al. 2008). With regards to apple ‘Gala’ roots, the study of shoot
regeneration from roots had not been previously attempted. We demonstrated that apple ‘Gala’
root cells have totipotent characteristics, and by providing enough stimulant, they express their
regeneration ability.
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3.4.2.1 Influence of TDZ and exposure time

Figures 3.9, 3.10, 3.11, 3.12D E F, 3.14C, D, E, F, G, H, 3.15, 3.16, 3.17, and 3.18 show
the emerging primary structure of shoot buds on roots of ‘Gala’ apple. In Figures 3.5, 3.11, 3.14
E, F root explants were cultured on MS basal media supplemented with 0 µM TDZ. In Figures 3.5,
3.6, 3.7, 3.9, 3.10, 3.14A, B, C, D, G, H, 3.15 root explants were cultured on MS basal media
supplemented with 20 µM TDZ. Root segments that were cultured on MS basal media
supplemented with both TDZ concentrations (0 or 20 µM TDZ) displayed the same pattern of
histological changes during the organogenesis process from the root explants. In higher TDZ
concentration (20 µM), changes happened faster and with more noticeable effect, while these
structural and cellular changes were delayed and occurred with less intensity in the absence of
TDZ (0 µM).

All root explants cultured on media with 0 or 20 µM TDZ produced adventitious buds.
Shoot bud formation in roots cultured on medium enriched with TDZ was expected, since the
complex process of shoot bud organogenesis requires a trigger factor, and it has been well
documented that TDZ induces shoot bud formation in roots. TDZ promotes the biological activity
of root cells and regeneration frequency from the root (Subotić et al. 2009). In regards to root
samples cultured on medium with 0 µM TDZ, it should be noted that all plantlet sources of root
samples were germinated and grown in media supplemented with 10 µM TDZ. According to
previous investigations, TDZ has a resistant nature against enzymatic degradation, which allows
for its stability and continued presence in plant tissues for prolonged periods of time (Dey et al.
2012). In the callus of bean cultured on media with radio-labeled TDZ for 33 days, most of the
TDZ molecules remained intact, and a small portion was glucosylated by the tissue (Mok and Mok,
1985). Thus, the regenerative response of root cultured on media with 0 µM TDZ could be due to
the long-lasting effect of the chemical from germination media.

Higher concentrations of TDZ are used for adventitious shoot formation (Lu 1993). Also,
multiple shoots regeneration from intact seedlings of switchgrass (Panicum virgatum L.) were
induced on media supplemented with 18.2 µM TDZ (Gupta and Conger, 1998). These
concentrations are similar to those used in the present experiment.
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TDZ’s promotive capacity and biological activity significantly determines regeneration
frequency from the root, and even low TDZ concentrations (0.02 – 0.56 μM) can induce shoot bud
regeneration from sectioned roots of silktree (Albizzia julibrissin Durazz.) (Sankhla et al. 1996).
CK activity of TDZ to induce of embryogenesis and shoot proliferation is higher when
concentration is reduced (Gribaudo and Fronda, 1991). High concentrations that are above
reported optimal levels inhibit organogenesis and shoot elongation (Kumar and Reddy, 2012).
Despite the promotive effects of TDZ on bud regeneration, TDZ can also inhibit further elongation
and development of shoots when used at unfavorable concentrations (Vinocur et al. 2000;
Tsvetkov et al. 2007).

The effect of exposure time in figures 3.6, 3.7 show destruction of root tissue after 10 (A,
B, C) and 20 (D, E, F) days exposure time. In figures 3.9, 3.10, initiation of new shoot buds was
formed after 10 (A, B) and 20 (C, D) days of culture. In figure 3.14, the entire process of shoot
organogenesis after 10 days (A, B, C, D) and 20 days (E, F, G, H) exposure time was compared.
Longer exposure time induced cellular and structural changes within root tissue of apple ‘Gala’
faster than shorter exposure time. Exposure to TDZ for longer periods of time provided enough
stimulus to initiate organogenesis more rapidly.

To achieve morphogenic response and avoid abnormality in regenerated shoots, sufficient
exposure time (usually short in duration) to TDZ is required (Onamu et al. 2003; Franklin et al.
2004).

3.4.2.2 Explant (root segments vs. intact roots)

Histological studies provided visual data to compare shoot bud formation from the root
segments (9, 11 A, B) and intact roots (10, 11 C, D, E) of apple ‘Gala’. Light micrographs showed
both types of root explants followed the same pattern during shoot organogenesis. The stages of
organogenesis that were observed included disintegration of root tissue, formation of meristematic
zones in cortical and sub epidermal layers, formation of primary shoot bud structure, development
of shoot bud structure, and connection between the vascular systems of the parent explant and new
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shoots. In root segments of apple ‘Gala’, organogenesis was more organized and quicker than
intact roots. Producing shoot regenerants from excised root is a reliable method and could be used
as a source for proliferation and germplasm preservation (Singh and Dwivedi, 2014).

Based on present results, direct shoot formation from root segments and intact roots was
observed. Similarity, Torrey (1958) reported direct shoot regeneration from excised roots of
Convolvulus spp., and in aspen (Populus tremuloides Michx.), whole and sectioned roots produced
direct shoot development successfully (Vinocur et al. 2000). In contrast, Rao and Ram, (1981)
indicated root segments of Lirnrzophila indica L. cannot contribute to this regeneration method
when the active meristem in the root tip is absent. They argued that CK biosynthesis occurs in root
tips (meristem) and presence of endogenous CK is essential for differentiation and development
of shoot buds. In present study, the capacity of TDZ to substitute the CK/auxin requirement for
regeneration, stimulated sectioned roots treated by TDZ to regenerate, even without root tips.

In the present investigation, adventitious shoot formation from root segments occurred
more prominently in comparison to intact roots. Our result was in agreement with Vinocur et al’s
(2000) finding. They demonstrated that in root samples of aspen (Populus tremula L), the
frequency of bud formation was higher in sectioned roots rather than intact roots (Vinocur et al.
2000). The potential explanation for higher shoot bud formation from root segment could be due
to high rate of nutrient uptake in root segments. Also TDZ may cause changes in the uptake,
assimilation, and distribution of nutrients and photosynthetic metabolites. In contrast of our
findings, Sim et al. showed that bud formation was low and that initiation of this process was
prolonged in root segments of Citrus mitis, likely due to limited amounts of available endogenous
auxins.

3.4.2.3 Direct Organogenesis: Stepwise process of regeneration of shoots from roots

Based on images taken using light microscopy and SEM, it was determined that
adventitious shoots formed form roots via direct organogenesis. In some plant species, root cells
are capable of re-differentiating into new meristematic growing points, which can convert into
distinct, independent shoots (Hartmann 2002; Butcher and Street, 1964). Histological changes
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during direct organogenesis from the root reported in the present study is in agreement with the
same kind of differentiation sequences reported in Passiflora edulis, sweet potato (Ipomoea
batatas), lime (Citrus aurantifolia Linn), broccoli (Brassica oleracea), and aspen (Populus
tremuloides Michx.) (Delgado-Paredes et al. 2016; Lombardi et al. 2007; Bhat et al. 1992; Yang
et al. 2010; Chandra et al. 2003; Vinocur et al. 2000).

During regeneration from root of Populus tremula L., TDZ induced totipotency in the subepidermal cell layers that are very close to the meristematic primordia of lateral roots. This
indicated that TDZ is able to stimulate dedifferentiation of root cells and drive them to function
like meristematic cells with regenerative capability (Vinocur et al. 2000). The process of shoot
formation from the root of apple ‘Gala’ includes several steps. Firstly, red color spots formed in
different zones of root samples because of the presence of plant pigments. This demonstrates
initiation of regeneration from these areas. The red color could be anthocyanins derived from
flavonoids. They are considered secondary metabolites and provide colors ranging from
orange/red to blue in plant tissues (Grotewold 2006; Harborne 1988). Plants under different kinds
of stress typically produce more anthocyanins and applying TDZ in culture media is considered a
stress factor for root tissues (Gould et al. 2000). Secondly; root explants exhibited cell centers with
small, dense, and compact cells, void of intercellular spaces, indicating the formation of
meristematic zones. These regions divided multiple times and formed meristemoid sites. These
sites actively proliferated and gradually arranged compact structures of primary shoot buds. The
final stage of the process is the conversion of meristematic cells into adventitious shoots buds
(Parveen and Shahzad, 2011).
Histological observations described by Ślesak et al. (2005) and Caboni et al. (2000)
revealed that meristematic sites originate from pericycle cells or endodermal layers. They pointed
out that the pericycle layer of roots with meristematic potential are able to switch to the
organogenesis pathway. The exogenous application of TDZ and its effect inside the root caused
stimulation of cell division. Dividing cells dispersed towards intercortical and sub-epidermal
layers of root explants. Continued cell division lead to form the meristematic zones which
converted into shoot buds. According to Sharma et al. (1993), shoot regeneration from root
explants of Brassica napus contained meristematic cell growth in the parenchyma towards the
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outer cortical layers. Further division and development of the meristematic zones lead to the
creation of SAMs and leaf primordia formation. In this study, development of shoot buds
originated from inner tissues of the cortex and pericycle layer, which is associated with disruption
in outer epidermal layers. Investigation into the origin of new shoot buds from the root show
involvement of various tissues, like the cortex in Linaria vulgaris (Bakshi and Coupland, 1960),
parenchyma cells in Brassica napus (Sharma et al.1993), and in the main root in Armoracia
rusticana (Dore 1955). Thirdly; increased mitotic activity and division in the cortical and sub
epidermal layers leads to differentiation of vascular systems and ultimately the regeneration of
new shoot bud primordia and formation of plantlets.

Explant samples were gathered during organogenesis and subjected to SEM. Direct
organogenesis in apple ‘Gala’ root was confirmed by light and scanning electron micrographs. The
regeneration process from apple ‘Gala’ roots in this study was consistent with direct organogenesis
from root explants of Passiflora edulis (Lombardi et al. 2007). The use of root explants in in vitro
regeneration systems established for Passiflora cincinnata and Passiflora edulis. has shown great
rates of direct organogenesis and shoot bud differentiation as compared to other non-meristematic
explant sources, with shoots arising by breaking the cortex and maintaining vascular connections
with the explants (Lombardi et al. 2007; Da Silva et al. 2011). Roots are one of the main explant
sources for the induction of shoot buds (Norton and Boll, 1954; Thomas and Street, 1972) and
applying CK is essential for in vitro regeneration from the root (Lombardi et al. 2007). In the
present experiment, TDZ was applied and has been shown to exhibit CK-like activities. TDZ
stimulates cell division in the cell layers of root tissue and subsequent formation of primary shoot
buds (Chandra et al. 2003).

In the present experiment, vascular tissues, epidermal, and cortical cells were involved in
organogenesis from the root explants. In all regenerated shoots, some primary structures were
recognizable, like the protoderm, leaf primordia, young leaves, vascular cambium, cortex, ground
meristem, and SAM (Figs. 3.9, 3.10, 3.11, and 3.14). After 20 days of culture, active meristematic
domes were seen. Each dome was surrounded by leaf primordium and preliminary leaves. In root
explants, several meristemoid regions in the pericycle, inner layers of the cortex, and subepidermis expand and divide repeatedly. This rapid growth and multiplication results in the
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crushing and disruption of the cortical and epidermal cell layers. From these events, nodular
structures emerge and primary primordia are formed. The pattern of shoot bud formation in our
study was similar to previous reports by Praveen and Shahzad reported in 2011 and Da Silva et al
(2011). During shoot differentiation from the root explant, they observed several meristematic
centers expand, followed by nodular structures and initial leaf formation. After several weeks,
primary primordia and subsequent shoot buds appeared, and meristematic cells converted into
adventitious shoots. In seedling roots and root segments of Passiflora edulis Sims, the buds were
initiated directly from the pericycle (Da Silva et al. 2011).

During development of the leaf primordia, two pieces of information confirmed regeneration
occurred through direct organogenesis: (1) the connection between primary vascular systems in
regenerated buds and vascular systems of parent explants are intact, and (2) the lack of bipolarity
in emerged buds.
3.4.2.4 Regeneration all over the root

According to histological and SEM observations (Fig. 3.17, 3.18), the regeneration process
followed a gradient pattern in the root samples. This means that more buds formed on the sections
nearest to the shoot (Fig 3.18) and fewer buds formed on the distal end (3.17 A), close to the root
apex. Also, shoot buds formed on each section of the root (all over the roots) directly (Figs. 3.17,
3.18).

The same observation has been reported by Burger and Hackett (1986) in Citrus sinensis
L. In root explants of aspen (Populus tremula L) and Sahelian tree Faidherbia albida Delile, the
basipetal part of the roots tended to produce more adventitious shoot than other parts of the root
(Ahee and Duhoux 1994; Vinocur et al. 2000). Shoot buds formed on each root segment, all over
the roots but the highest number formed on the proximal section of root (Vinocur et al. 2000). The
non-meristematic proximal end of root segments of Lotus corniculatus L. formed buds
(Rybczynski and Badzian, 1987). Our results are also in the line with Vinocur et al. (2002) reports,
who observed the most bud regeneration on proximal sections of aspen roots, located 10-15 mm
from the root tip. Other researchers determined that the proximal and middle part of the root are
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more responsive in terms of shoot bud formation. (Sharma and Thorpe, 1989; Kathal et al. 1994).
This is because the proximal segment of the root is closer to the shoot, and includes more
endogenous plant growth substances required for initiation of shoot buds. The rest of the root
consists of regions of elongation and cell division, and in these parts, limited numbers of cells can
respond to regeneration stimulants (Vinocur et al. 2000). This view was supported with our
observations. The works of Sobri et al. (2010) pointed out that in older parts of root explants
(basipetal section), shoot formation is higher because of increased endogenous CK accumulation.
It seems that sectioning and isolation of roots caused a break in the efflux of growth regulators
between the root meristem and the SAM (Rybczynski and Badzian, 1987).

In addition,

endogenous auxins were limited because shoots are the location of auxin biosynthesis, and from
there auxins mobilize to the roots (Sim et al. 1989). Thus, CKs accumulate in the proximal end
and auxins accumulate at distal part of the root (Rybczynski and Badzian, 1987). This distribution
of PGRs influences regeneration from different parts of the root explant.
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4

Micrografting

Abstract

M. domestica ‘Gala’ shoots were used as scions and micrografted onto ‘G202’ rootstocks
under aseptic conditions. ‘G202’ was selected on the basis of its demonstrated advantages and
suitability for Ontario growing conditions. Before micrografting commenced, all rootstocks were
rooted and had their shoot apical meristems and leaves removed. The bases of individual ‘Gala’
shoot buds were dipped in Phytagel™ solidifying media to prevent drying at the graft union and
to facilitate fusion of the grafting partners. Callus formation and growth of the scion indicated
successful micrografting. Graft combinations of ‘Gala’ and ‘G202’ produced callus and
meristematic cells at the graft union 30 days after the procedure was conducted. Preliminary results
showed this method may serve as a utilizable, reliable, easy, and rapid technique for production of
young apple trees. More research is essential to decide how this method may be applied to develop
high-density apple orchards. The present investigation aimed to develop an efficient system for
apple micrografting.

4.1

Introduction

Grafting is a technique in which the shoot from scion is attached to the root of a rootstock
(Hussain et al. 2014). Once the scion has fused with the rootstock and healed, the two components
grow as a chimera with two distinct genetic backgrounds. A unique advantage of grafting is that
various rootstocks can be used to impart a variety of traits, including resistance to soil borne
diseases and dwarfism (Soumelidou et al. 1994; Cline et al. 2001; Hajnajaria et al. 2010) onto the
resulting plant. Recent research has highlighted the importance and complexity of rootstock-scion
interactions and renewed efforts are underway to develop improved rootstocks for specific
climates and cultivars (Albacete et al. 2015).

Traditional methods of apple grafting have failed to meet the market demand (Lane et al.
2003, Hsina and Mtili, 2009). Traditionally, grafting scions onto apple rootstocks requires a long
time, energy, and skilled people in a nursery. Apple rootstock growers and managers involved in
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this industry are interested in developing biotechnological techniques that overcome the
restrictions of conventional methods (Zhang et al. 2014). Micrografting is a reliable and extremely
valuable method to establish in vitro cultivars that function as scion sources but have difficulty in
establishment in culture medium due to high rates of browning (Dobránszki et al. 2005).
Micrografting is an alternative approach to field grafting that includes placing a meristem explant
onto a decapitated rootstock in vitro under sterile conditions (Murashige et al. 1972). This
approach can be used to provide early detection of graft incompatibility and has other applications,
including: virus elimination, disease indexing, year-round and timely production, including
precocity, fruit quality, and tree size, and rapid propagation of `difficult to root' plants (Hussain et
al. 2014; Roistacher et al. 1976; Barros et al. 2005; Darikova et al. 2011; Conejero et al. 2013).
Both scions and rootstocks are choosed for their productivity and adaptation to environmental
conditions (Kamboj et al. 1999). In vitro grafting of apple shoots has been indicated in various
reports (Lundergan et al. 1978; Sparks et al. 1977; Huang and Millikan, 1980; Lane et al. 2003),
however current micrografting procedures are difficult, impractical, expensive, inefficient, and are
generally not suitable for commercial use. The success of micrografting process in apple varies, as
it is highly dependent on the grafting method and media medium conditions (Bhatt et al. 2013).
Future development of this technique has great potential for improving grower access to plant
materials through mass production of: 1) cultivars which are in high demand by growers, but
typically hard or slow to propagate via traditional means; and 2) new plant cultivars which have
been optimized for a specific environment, disease resistance or market demand through new
rootstock-scion combinations.

One of the greatest challenges encountered during in vitro grafting, as with traditional
techniques, is incompatibility between rootstocks and scions. While it is unclear why some plants
are not compatible with each other, formation of a necrotic tissue around the grafting point,
lignification or metabolic interactions defects in phloem differentiation, and the presence of
phenolic compounds may prevent the successful union of scion and rootstock during the early
stages of grafting (Errea 1998; Pina and Errea, 2005; Usenik et al. 2006). Research suggests that
phenylpropanoids in conjunction with PGRs are driving factors involved in graft compatibility
(Canas et al. 2015; Hudina et al. 2014). There is also evidence that an over accumulation of
phenolic compounds can lead to negative interactions with PGRs (i.e. auxins and CK), which may
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play a direct role in the differentiation of vascular tissue and subsequently reduced success of the
graft union (Gainza et al. 2015).

To create high-density orchards, production of more quality apple trees is needed (Ontario
Apple Growers, 2014). Apple ‘Gala’ (Malus domestica) is one of the most consumed fruits across
the globe. In Ontario between 2005 and 2013 there has been an increase in acreage of ‘Gala’
planted area (11.9%) (OMAFRA 2014). Enhancing apple productivity depends on efficient and
reliable rootstocks). There is growing interest in the ‘G202’ rootstock, which is favorable for
Ontario climate conditions; however, ‘G202’ is currently in short supply. Semi-dwarf rootstock
‘G202’ is an excellent member of the Geneva series because it exhibits traits for resistance to
abiotic and biotic stresses. ‘G202’ has been previously used as rootstock because it is of similar
size to M9 and M26, but demonstrates better cold hardiness and has high resistance to both fire
blight and apple replant disease. In addition, it has shown significantly greater yield efficiency
than other rootstocks (Robinson et al. 2006).
The importance of ‘Gala’ and G202 to Ontario industry has been previously described in
first chapter of this thesis. Efforts to use this rootstock in micrografting has not yet been successful.
In Canada, the demand made by apple growers for apple rootstocks is usually met by importing
plant materials from other countries, costing the government and taxpayers’ unnecessary fees.
Therefore, production of good quality apple trees to fulfill the increasing need is one of the major
objectives of the horticulture industry (Hsina and Mtili, 2009; Rafail and Mosleh, 2010), and can
be achieved through the development of efficient micrografting protocols (Obeidy and Smith,
1991). Given the above challenges, the current chapters aimed to develop a model system for
micrografting G202 rootstocks to the scion of ‘Gala’ derived from regenerants of a root-based
regeneration system.
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4.2

Materials and methods
Plant material and medium

Variety ‘G202’, obtained from Mori Essex Nurseries Inc. (Ontario, Canada) was clonally
propagated and used as a rootstock source, while ‘Gala’ was propagated from seed and used as
source material for scions. Apple fruits (cv. ‘Gala’) were obtained from a local store (Domenic’s
No-Frills, Guelph, ON), and seeds were extracted from fruits. Seed coats were removed and
germination was completed as described in chapter 2. All plants were grown on MS media with
vitamins (Phytotechnology, Shawnee Mission, Kansas) supplemented with 30 g·l-1 sucrose and
2.2 g·l-1 Phytagel™ (Sigma-Aldrich, Oakville, Ontario). Hormones were added as described in
material and methods of chapter 3. ‘G202’ rootstocks were sub-cultured frequently on shooting
media with 4.4 µM BA + 1.2 µM GA3. ‘G202’ rootstocks were then transferred to media
containing 0.3 mg·l-1 IBA for one week to induce rooting (data not shown). Rooted plantlets were
then transferred to MS basal media for an additional week for further root development and
establishment. Twelve- to 14-day-old regenerated shoots from root segments of ‘Gala’ were grown
on MS basal media (as described by Murashige & Skoog (1962)) supplemented with 10 µM TDZ.
Cultures were maintained at 25±1o C under a 16 hr. photoperiod, at a light intensity of 37.5 mmol
m-2·s-1, provided by cool florescent tubes of 36 watts in a culture room.

Micrografting

Rooted shoots of 3-5 cm length were used as rootstocks for grafting. Regenerated shoots
on ‘Gala’ roots were used as scions (Fig 4.1 and 4.2). Micrografting was done according to
Dobránszki (2006) and Volk et al. (2012), as demonstrated in citrus (Fig 4.3). After removing the
apical meristem and all leaves of each rootstock, a “V” shaped vertical slit of about 2-3 mm in
length was cut on side of decapitated ‘G202’ rootstocks. A ‘Gala’ scion was fitted into the slit (Fig
4.2 and 4.3).
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Figure 4.1 Plant material for micrografting experiment. (A) Regeneration of shoots from root explants of ‘Gala’; (B)
Regenerated shoots separated from root explants; (C) Rootstock ‘G202’ and shoot bud scion of ‘Gala’.

Figure 4.2 Micrografting process. (A) Preparation of rootstock for micrografting; (B) All leaves and apical meristem
of rooted rootstock were removed; (C) Scion was inserted in “V” shape slit on decapitated rootstock.

Figure 4.3 Micrografting method applied for in vitro -grafting in apple.

Phytagel™ was applied as an adhesive agent to protect the graft union until fusion took
place. The base of the scion was dipped into a Phytagel™ solution (2.2 g·l-1 w/v), fitted into the
rootstock, and held in place for 1 minute.
116

Culture conditions

A total of 15 micrografts were cultured in Magenta® GA7 boxes (PhytoTechnology
Laboratories, Shawnee Mission, KS). Each culture vessel contained 50 mL of media and one
micrografted plantlet. Grafting success was visually assessed every month for 3 months. The
percentage of shoots that had remained viable (absence of yellowing or necrosis), the percentage
of plants with continued growth of the scion, and the percentage of plants with intact grafting
unions were recorded.
4.3

Results

The present investigation showed that 100% of micrografts successfully formed a graft union
(Fig 4.4, 4.5 and 4.6), and that all were viable and continued to grow after three months of culture.
In all micrografts, the Phytagel™ treatment was sufficient to holding the connection together.
Micrografts produced callus after a month at the graft union, and rootstocks and scions developed
leaves and increased in size, which is indicative of grafting success (Fig 4.6).
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Figure 4.4 Growth of ‘Gala’ scion grafted onto rootstock ‘G202’.
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Figure 4.5 ‘Gala’ grafted onto rootstock ‘G202’. ‘Gala’ grafted onto rootstock ‘G202’; micrografts grew and formed
new leaves. Arrows points to graft union.

Figure 4.6 Graft union formation. Graft union and callus formation at the contact area of the scion and rootstock after
a month of culture.
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4.4

Discussion

Efficient and stable grafting systems accelerate valuable production of new apple trees (Pina
and Errea, 2005). Young apple trees required for Ontario orchards are not being produced inside
the province to meet apple grower’s needs. As a result, apple growers usually buy grafted trees
from the US and Europe, which is expensive and difficult. Based on the need of large-scale
production of young apple trees in Ontario, coupled with demand for reasonable prices and short
establishment times, the present study investigated the potential of micrografting ‘Gala’ scions
onto ‘G202’ rootstocks.

Rootstocks in the present study were rooted prior to micrografting. Rooting rootstocks prior
to micrografting ensures stability of the rootstock in culture conditions, facilitates the absorption
of nutrients and minerals from the media to support better growth of the graft union, and simplifies
the transplanting process after graft union formation. Obeidy and Smith (1991) applied rooted
‘M.7’ for grafting of ‘McIntosh’ plantlets, and Dobránszki et al. (2005) grafted ‘Remo’, ‘Rewena’,
and ‘Reanda’ cultivars onto in vitro-rooted ‘JTE-F’ rootstocks.

Scion/rootstock grafting is based on the ability of cambial cells to produce a callus bridge
and develop new vascular tissue, and subsequent fusion in the graft union. When cambial cells are
held in close contact, they produce callus and differentiate new vascular tissues. In order to have
a successful scion-rootstock combinations, a good union between these tissues is necessary
(Kamboj et al. 1999). In the present study, Phytagel™ was applied to hold graft unions together
until fusion took place. This treatment helped form a connection between the grafting partners,
accelerated callus formation in the graft union, and prevented desiccation of the cut area of the
rootstock. The rate of fusion and further growth of grafts was 100%. Similarly, Dobránszki et al.
(2000 and 2005) suggested applying agar-agar solution (two drops) on the grafting zone to act as
an adhesive material. The approach was sufficient for satisfactory micrografting of apple. This
idea allows for different growth regulators to be supplemented into the agar-agar to encourage the
growth of the scion. Another advantage of using agar-agar in the grafting interface is to allow the
transport of different materials between the rootstock and scion (Dobránszki et al. 2000). Rafail
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and Mosleh (2010) applied a drop from the solidified culture media which includes agar on the cut
surface of the rootstock to facilitate successful grafted plantlets.

In our experiment, no observable evidence of tissue incompatibility was found during the
time of experiment. Also, formation of meristematic tissue was observed 30 days after the grafting
procedure. This meristem tissue produced at the graft point possessed the ability to initiate the
formation of vascular strands. This connection between the vascular system in the scion and
rootstock ensured viability of the micrografted plants (Abreu et al. 2003).

Before inserting the scion into the slit on the rootstock, the apical meristem of the rootstock
was removed to allow better growth of the of the scion meristem. Also, all leaves of the rootstock
were removed so the plant could allocate more energy to supporting the graft union formation and
subsequent plantlet growth. Likewise, Dobránszki et al. (2005) decapitated rootstocks and
removed all leaves to facilitate successful micrografting.

Callus cell proliferation and callus bridge formation are two reported developmental stages
in graft union formation (Dolgun et al. 2009). These steps were in agreement with our observations.
The shoot tip (scion) grew well because it was exposed to the rootstock cambium, as observed by
Lane et al. (2003) in their experiment on micrografting in vitro propagated shoots of apple cultivars
‘Golden Delicious’, ‘Granny Smith’, and ‘Fuji’ onto rootstock M9 grown in greenhouse
conditions.

Tracking subsequent growth of the shoot bud (scion) on the rootstock is a way to assess
adequate micrografting of apple (Rafail and Mosleh, 2010). Progressive scion growth and
development is as an indication of success in grafting, and this is due to establishment of cell-tocell connections at the graft interface. In some studies, 20 and 40 days after grafting, cambial cells
differentiated, and a bridge between the vascular cylinders of the scion and rootstock appeared
(Richardson et al. 1996). Additional in vitro micrografting studies are required to determine crucial
factors impacting this technology, including the sub-culturing times; MS and alternative media
strengths; improvement of the rooting process; the types, concentrations, and combinations of:
carbohydrates; PGRs; gelling agents; anti-browning compounds; transplanting from in vitro to
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greenhouse conditions; and rootstock and scion combinations of varying cultivars, species, and
genus.
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5

5.1

General Conclusions

Germination & PGR

The combination of seed coat removal and application of TDZ lead to 100% germination of
apple seeds in short period of time. This technique showed acceptable results in different apple
cultivars. MS basal media supplemented with 10 µM TDZ was selected as the optimal TDZ
concentration to conduct regeneration experiments. The results of our study confirm TDZ is a
signal that induces biochemical modulation within plant tissue and produces fluctuations in other
plant growth regulators. The overall elevation of the level of CK and reduction in tryptophan
content –which means increase in auxin production- in response to TDZ treatments, indicates that
TDZ has a stimulatory effect on the accumulation of these compounds in the responding tissues.
The modification in tryptophan metabolite pathways induced by TDZ may have regulatory effects
on organogenesis from the root tissue of apple. GA, 2iP, tryptophan and SA had interaction effects
not just with each other but with many other plant components which make it difficult to provide
an explanation about their behavior. Simultaneous studies focusing on biochemical and
morphological effects of TDZ, the roles of plant growth regulators, and their interactions in plant
organs during regeneration are needed to see how fluctuations of PGR are related to the
regeneration responses. Moreover, it would be interesting to run PGR assessment long time after
finishing TDZ treatment to consider late effect of TDZ.

5.2

Root Regeneration

A method was developed to facilitate shoot formation from root explant and seedling from
germinated seeds of apple cv. ‘Gala’. Root explants were able to regenerate multiple shoots,
making this experiment unique. In contrast to previous studies, our data reveals regeneration is
possible from in vitro-cultured roots of apple. This experiment demonstrated the first regeneration
report for detached and attached roots to the mother plants in cv. ‘Gala’. 5 µM TDZ with 20 days
of exposure was the most effective concentration for induction of shoot regeneration (7.59
shoots/root) from excised roots during 5 weeks. In addition, the combination of 20 µM TDZ-20123

day exposure-cut-MS media and 20 µM TDZ-20 days-cut-AP media, represent the second highest
amount of regeneration. Regenerated buds produced clusters of shoots which were rooted and
acclimatized successfully. Regardless of the effect of final media, excised explants produced more
buds than intact roots. Also, a longer exposure time usually produced more regeneration than
shorter exposure time. In intact explants with a shorter exposure time, the regeneration rate quickly
declined. Disregarding the number of shoots per root (which differed between treatments),
regeneration was detected in almost all dissected roots. Pawlicki-Jullian et al. (2002) obtained
transgenic plants from transformed roots (via Agrobacterium rhizogenes) in apple rootstock cv.
Jork9. In their study, no regeneration occurred on roots separated from the mother plant, and only
seven shoots regenerated from tested roots throughout the entire experiment (Pawlicki-Jullian et
al. 2002). In contrast, the current study was able to increase this number to approximately 970.2
regenerated shoots from treated roots. Shoots were able to regenerate in 72.5 % of the treatments
that were tested. Overall, a total of 91% of explants regenerated. Regenerated buds continued to
multiply into shoot clusters and develop into plantlets. In this experiment, a replicable regeneration
method from the root of apple cv. ‘Gala’ was achieved, which may beneficial in genetic
transformation studies, cryopreservation and conservation of genetic resources, reducing the time
of breeding programs, and mass production of plantlets within a brief amount of time.

Observations of changes in root tissue, induced shoots, and origin of adventitious shoot buds
was provided by means of microscopic analysis. Based on our observations, organogenesis
occurred directly on root explants of apple ‘Gala’ and the origin of new shoot buds were pericycle
cells and surrounding zones. The root samples that were exposed to TDZ for a longer period
initiated organogenesis changes earlier, faster, and more noticeably than the shorter exposure
period in the absence of TDZ in the regeneration media. The roots cultured in MS basal media also
showed shoot formation responses similar to those cultured on TDZ-enriched media because all
parent plantlets had been germinated in media supplemented with TDZ. However, it is
hypothesized that TDZ failed to degrade in the tissues after being transferred to regeneration
media, so the belated effect of TDZ was still observed during shoot bud formation. In the process
of shoot bud formation, different layers of root tissue were involved, including the sub-epidermal,
inner cortical, and cortex parenchyma cells, but the first changes were initiated from pericycle
cells. The pericycle layer consists of non-meristematic cells, which can have meristematic features
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in appropriate conditions and have the potential to re-enter to the cell division cycle. This ability
of root cells is a fundamental support for the establishment of root-based regeneration protocols.
In addition, based on SEM images, regeneration happened from distal, middle, and basipetal
sections of apple ‘Gala’ root. In the next step of the project, regenerated shoots were used as scions
for preliminary micro-grafting experiments. This investigation will help increase the production
of apple trees by improving germination protocol and regeneration process. Regeneration protocol
can be applied to revive plant material (seed and root) after long term germplasm conservation.
My research results have opened new horizons for research possibilities on regeneration from root
which was considered not achievable prior to these studies. Further investigation should be
conducted to optimize regeneration from older roots rather than seedling roots.

5.3

Micrografting

The micrografting procedure outlined in this study is a novel method for producing healthy
Malus domestica plants from ‘Gala’ scions derived from a root-based regeneration system, and
‘G202’ rootstocks. Phytagel™ has been used to hold grafting partners together until fusion took
place and also to prevent desiccation of the graft union. The micro-grafting method demonstrated
in present study is the first successful step to provide required plant material for Ontario apple
growers. To improve micro-grafting quality when using regenerants as scions, an examination of
environmental factors is essential. This research work provides opportunities to commercialize
apple micro-grafting in Ontario and will benefit Ontario apple growers. It is hoped that the research
achievement in this study can be used in root and seed conservation and as a basis to produce the
required apple grafts within the province.
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7.1

Appendix A

Chapter 2.
Table 2.1 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on d6 (germination percentage after 6 days).
Source of
Variation

Degree of
Freedom(df)

Sum of
Squares

Mean of
Squares

F
Ratio

Variety
3
26696.88
TDZ
5
31230.21
Var × TDZ
15
8796.875
Error
72
1700
Total
95
68423.96
P-Values smaller than 0.05 were considered significant.

8898.958
6246.042
586.4583
23.61111

376.9
264.54
24.84

Significance
level
(P-Value)
<.0001
<.0001
<.0001

Table 2.2 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on d7 (germination percentage after 7 days).
Source of
Variation

Degree of
Freedom(df)

Sum of
Squares

Mean of
Squares

F
Ratio

Variety
3
7593.75
TDZ
5
39362.5
Var × TDZ
15
9106.25
Error
72
2050
Total
95
58112.5
P-Values smaller than 0.05 were considered significant.

2531.25
7872.5
607.0833
28.47222

88.9
276.5
21.32
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Significance
level
(P-Value)
<.0001
<.0001
<.0001

Table 2.3 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on diff (percentage change in germination rate between 6 day and 7 day).
Source of
Variation

Degree of
Freedom(df)

Sum of
Squares

Mean of
Squares

F
Ratio

Variety
3
6642.708
TDZ
5
5686.458
Var × TDZ
15
12332.29
Error
72
3812.5
Total
95
28473.96
P-Values smaller than 0.05 were considered significant.

2214.236
1137.292
822.1528
52.95139

41.82
21.48
15.53

Significance
level
(P-Value)
<.0001
<.0001
<.0001

Table 2.4 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on L12 (length after 12 days).
Source of
Variation

Degree of
Freedom(df)

Sum of
Squares

Mean of
Squares

F
Ratio

TDZ
3
155.6279
Exposure time(E)
5
555.7455
T×E
15
116.0378
Error
72
274.6027
Total
95
1102.014
P-Values smaller than 0.05 were considered significant.

51.87597
111.1491
7.735856
3.813927

13.6
29.14
2.03

Significance
level
(P-Value)
<.0001
<.0001
0.0245

Table 2.5 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on salicylic acid concentration.
Source of Variation

Degree of
Freedom(df)

Sum of
Squares

TDZ(T)
1
0.0050
Exposure time(E)
4
2.9802
T×E (Interaction)
4
0.0636
Error
20
0.0224
Total
29
3.0714
P-Values smaller than 0.05 were considered significant.
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Mean of
Squares

F
Ratio

0.0050
0.7450
0.0159
0.0011

4.5
662.84
14.15

Significance
level
(P-Value)
0.0466
<0.0001
<0.0001

Table 2.6 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on 2-ip concentration.
Source of Variation

Degree of
Sum of
Freedom(df)
Squares
TDZ(T)
1
0.0000026
Exposure time(E)
4
0.0000113
T×E (Interaction)
4
0.0000014
Error
20
0.0000013
Total
29
0.0000166
P-Values smaller than 0.05 were considered significant.

Mean of
Squares
0.0000026
0.0000028
0.0000004
0.0000001

F Ratio
38.40
42.09
5.39

Significance level
(P-Value)
<0.0001
<0.0001
0.004

Table 2.7 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on tryptophan concentration.
Source of
Degree of
Sum of
Mean of Squares
Variation
Freedom(df)
Squares
TDZ(T)
1
0.0102
0.010235
Exposure time(E)
4
368.3571
92.0892
T×E(Interaction)
4
16.1742
4.0435
Error
20
9.1795
0.4589
Total
29
393.7211
P-Values smaller than 0.05 were considered significant.

F Ratio
0.02
200.64
8.81

Significance level
(P-Value)
0.8828
0.0001>
0.0003

Table 2.8 Summarized analysis of variance exhibiting the effect of TDZ concentration, exposure time, and their
interaction effect on GA concentration.
Source of Variation

Degree of
Sum of
Mean of Squares
Freedom(df)
Squares
TDZ(T)
1
0.2202
0.2202
Exposure time(E)
4
0.2412
0.0603
T×E(Interaction)
4
0.2070
0.0517
Error
20
0.1136
0.0056
Total
29
0.7821
P-Values smaller than 0.05 were considered significant.
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F Ratio
38.75
10.61
9.11

Significance level
(P-Value)
˂0.0001
˂0.0001
0.0002

7.2

Appendix B
Chapter 3.

Table 3.1 Summarized analysis of variance exhibiting the effect of media, cutting, exposure time, TDZ
concentration, and their interaction effect on regeneration from ‘Gala’ root.
Source of Variation
Degree of
Sum of
Mean of
F
Significance level
Freedom
Squares
Squares
Ratio
(P-Value)
(df)
media
1
0.004061
0.004061
0.59
0.4465
cutting
1
0.333344
0.333344
48.04
<.0001
exposure time
1
0.59034
0.59034
85.07
<.0001
TDZ concentration
4
0.537235
0.134309
19.36
<.0001
media*cutting
1
0.017238
0.017238
2.48
0.1189
media*time
1
0.025443
0.025443
3.67
0.0591
media*TDZ
4
0.042155
0.010539
1.52
0.2046
cutting*time
1
0.194247
0.194247
27.99
<.0001
cutting*TDZ
4
0.201217
0.050304
7.25
<.0001
time*TDZ
4
0.1727
0.043175
6.22
0.0002
media*cutting*time
1
0.016288
0.016288
2.35
0.1294
media*cutting*TDZ
4
0.147392
0.036848
5.31
0.0008
cutting*time*TDZ
4
0.189268
0.047317
6.82
<.0001
media*cutting*time*TDZ
8
0.097115
0.012139
1.75
0.0997
Error
80
0.555127
0.006939
Total
119
3.123169
Coefficient of variation (%)= 14.01158

Significance level based on p˂0.05.

151

