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ABSTRACT 
 
 
 

MICROPROPAGATION OF HAZELNUT (CORYLUS SP.) 
 
 
 

Jyoti                                                                                            Advisor:  
University of Guelph, 2013                                                      Dr. Praveen Saxena  
 
 

 
An efficient micropropagation protocol for large scale production of hazelnut plants is 

required for consistent supply of elite germplasm to support the growing industry in 

Ontario. The main focus of current research was to develop a bioreactor based 

micropropagation protocol for hazelnut multiplication. An integrated approach was 

developed to increase the multiplication rate by optimizing the nutrient medium 

supplements and culture technology using a temporary immersion bioreactor system 

(TIS). As compared to conventional semi-solid and liquid based culture system, the 

Liquid LabTM temporary immersion bioreactor system (LIS) showed a significant 

enhancement in the number of shoots (3.3 shoots/explant), shoot height, leaf area and 

chlorophyll content in micropropagated plantlets. Antioxidant supplements such as 

ascorbic acid and melatonin along with iron (460 µM FeEDDHA) significantly increased 

the shoot proliferation (5.5 shoots/explant). However, a much higher shoot proliferation 

(10.9 shoots/explant) was observed with the addition of aspirin (10 µM) in the presence 

of BA (17.6 µM). Among several hazelnut cultivars, HF-16 had the highest 

multiplication rate followed by Geneva and Epsilon. Medium supplemented with 10 µM 

IBA was the best for rooting of microshoots of HF-16 and the plantlets acclimatized in 

the green house with 80% survival rate.  
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Chapter 1: Introduction and Literature Review 

1.1 Introduction 

Hazelnut is the 4th economically important nut crop (748,000 MT/yr) after cashew, 

almond and walnut. Among tree nuts, hazelnut plays a major role in human nutrition and 

health because of its unique fatty acid composition predominantly monounsaturated fatty 

acids (MUFA), fat soluble bioactives (tocopherols and phytosterols), vitamins (vitamin 

E), minerals (selenium), essential amino acids, antioxidant phenolics (caffeic acid), 

dietary fiber (soluble), and bioactive phytochemicals (Alasalvar et al., 2003). Recently, 

hazelnut has also been recognized as a significant source of the anti-cancerous alkaloid, 

Taxol (paclitaxel) (Hoffman et al., 1998). 

Hazelnut is well known for its nutritious and uniquely flavoured nut, which is used in a 

wide variety of foods, cosmetics and nutraceutical products. It is a good source of fiber 

and is regarded as ‘heart healthy food’ (Rimm and Stampfer, 1997). According to the 

United States Food and Drug Administration, consuming 1.5 ounce of hazelnut per day 

may reduce the risk of cardiovascular diseases. In addition to confectionary and food oil 

market, its future can also be seen in the renewable energy market.   

1.2 Hazelnut based products 

Being nutritious, hazelnuts are eaten worldwide either raw or roasted. Diced, ground and 

paste hazelnuts are widely used in baked goods like breads, cakes, biscuits and in ice 

cream. It is also used in main course, snack mixes and salad-dressings. The oil from 

hazelnut is used in restaurants for cooking. Nebraska hybrid hazelnuts were characterised 

by their high average oil content of 54.3%. Oleic acid and linoleic acid accounted for 
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more than 90% of the total fatty acid composition, whereas small quantities of 

palmitoleic and linolenic acids were also found (Xu and Hanna, 2010). In 2011, nearly 

8,000 tons of shelled U.S. hazelnuts were sold (NASS 2012).  

The most popular use for hazelnuts is in chocolate and nut butter products. Hazelnuts are 

the main ingredient of Nutella, spread to bread, a popular product of Ferrero®. Another 

famous product of Ferrero is Ferrero Rocher® in which hazelnut is the main ingredient. 

Cadbury® a famous chocolate manufacturer also has different chocolate products with 

hazelnut as one of the main ingredients. Hazelnut is a primary ingredient of the vodka 

based liqueur, Frangelico.  

Non-food uses of hazelnuts include massage oils, essential oils, bio-diesel, mulch and 

livestock feed. Xu and Hanna (2009) showed that oil derived from hybrid hazelnuts is a 

promising source for biofuel production.  

1.3 Hazelnut production 

Hazelnut is primarily produced in Turkey, Italy, Spain, Azerbaijan and USA. Other 

countries that produce hazelnut include Iran, Romania and France (USDA, Foreign 

Agricultural Service). Its worldwide production is rapidly expanding but commercial 

production centres are restricted to a few areas. In 2011, hazelnut production was 742,997 

MT on an in-shell basis. Turkey is the largest producer of hazelnut accounting for 58% of 

worldwide production, followed by Italy (17%), Spain (2.5%), Azerbaijan (4.43%), USA 

(4.7%) and Georgia (4%) (FAOSTAT, 2011). For the year 2012/2013, total world 

hazelnut production had been estimated as 906,300 MT in-shell basis, with maximum of 

it from Turkey (78%).  
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In the USA, Oregon and Washington account for the entire hazelnut production, 

contributing 99% and 1% of the crop, respectively. Hazelnut production in Oregon is 

forecasted to be 40,000 tons for the year 2012/2013 by Oregon Field Office of the 

National Agricultural Statistics Service, U.S. Department of Agriculture and estimated 

production to increase by 3.9% compared to the previous harvest.  

In Canada, hazelnut farms can be found in the eastern Fraser Valley, mainly around 

Chilliwack and Agassiz, in British Columbia and a few growers in Southern Ontario. 

Yearly average production from Fraser valley is around 1,011,655 pounds over the last 

five years. Currently, Ontario does not have a significant hazelnut production. However, 

Ferrero Rocher manufacturing plant in Brantford imports 6000 tons of hazelnut, largely 

from Turkey. It has been estimated that introducing hazelnut crop can add up to $30 

million to the Ontario agriculture annually. In Ontario, several candidate cultivars have 

been selected for use by Ferrero® plant and field trials of these germplasms are being 

conducted by growers in the region.  

1.4 Taxonomy 

Hazelnut species belongs to the genus Corylus and family Betulaceae, a family of 

deciduous, monoecious trees and shrubs (Thompson et al., 1996). However, several 

authors include Corylus in the Corylaceae family (Rosengarten, 1984). All species of 

Corylus produce edible nuts. Corylus (hazelnut, filbert) includes 15–20 species that occur 

throughout the Northern Hemisphere, primarily in Asia and also in Europe and North 

America (Whitcher and Wen 2001). Corylus americana Marsh., the common American 

hazelnut, is known to have origins in Eastern and mid-Western North America. The 
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species Corylus cornuta also occurs in North America and Corylus californica is found in 

California (Mehlenbacher, 1991). In Europe, Corylus avellana is the primarily grown 

species. Turkish hazel, Corylus colurna, and Corylus maxima, are native to Southern 

Europe and Western Asia and Corylus jacquemontii is native to Western Himalayas. 

Corylus comprises of three subsections: subsection Corylus, which includes species with 

leafy, more or less bell-shaped involucres, which includes Corylus avellana, C. 

americana Marshall, and C. heterophylla Fisch.; subsection Colurnae are the tree species 

with deeply dissected involucres and includes C. colurna L., C. chinensis, and C. 

jacqemontii Decne., and subsection Siphonochlamys consisted of species with tubular 

involucres and includes C. Cornuta Marshall, C. californica Marshall, and C. Sieboldiana 

Blume (Whitcher and Wen, 2001).  

1.5 Tree characteristics 

Genus Corylus produces edible fruit. Hazelnut is deciduous and grows in shrubby 

clusters reaching 3-8 meters in height depending on the species. Leaves are flat, elliptical 

in shape and doubly serrated. Hazelnut is a monoecious plant having both male and 

female flowers on each plant. Male flowers are pale yellow in color on the 8-10 cm long 

pendulous stalks called catkin (Kelley, 1979). Catkins appear in fall but do not open until 

following spring. Female inflorescence is called burrs and is small in size enclosed in 

scaly bracts (Dale et al., 2012). Each bud contains several female flowers. Bright red 

stigma and style protrude out from the scale bud. Male and female flower do not open at 

the same time. Female flowers bloom in early March and male flowers 10-14 days later. 

The nuts mature around the end of August and early September. Nuts are oval in shape 
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and 1-2 cm long in North American varieties (Thompson et al., 1996). Nuts are found in 

clusters of 2-4 and enclosed in bracts.  Hazelnut trees start to bear nuts in about three 

years after planting (Dale et al., 2012). A mature tree can annually produce 20-25 pounds 

of nuts and can produce nuts for more than 50 years. 

 1.6 Hazelnut in North America 

C. americana (American hazel) and C. Cornuta (beaked hazel) are two native species of 

North America (Mehlenbacher, 1991). These varieties are known for their sweet taste. 

American hazel and beaked hazel are shrubs or small trees, grow up to 1-8 meters, and 

are monoecious. Fruits are about 2 cm in diameter. Beaked hazel produces edible nuts 

and is native of Southern Canada and United States. It can be found in British Columbia 

east to New Brunswick, Newfoundland and south to California, Colorado, Mississippi 

and South Carolina. American hazelnut is 1-3 meters tall and spread suckers. Nuts 

develop in a group of 2-8 and about 1-1.5 cm in diameter. This species is native to 

eastern North America from Saskatchewan and Maine in the northeast to Minnesota and 

southern Manitoba in the northwest, all the way south to northern Florida and westward 

to eastern Oklahoma. Both of these species are cold hardy and resistant to eastern filbert 

blight caused by Anisogramma anomala. 

1.7 Climatic conditions 

Hazelnut cultivation is affected by number of factors. According to Liu et al. (1993), 

differences in the growth patterns are mainly due to environmental factors. However, 

different authors have considered different factors to be responsible for better growth in 

Turkey such as elevation, slope, rainfall, and water quality (Odekunle et al., 2007; Me et 
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al., 2005). In Turkey, hazelnut cultivation occurs mostly along the Black Sea as coastal 

regions provides the sandy soil, moisture, and a suitable climate for the hazelnut 

production.  

Hazelnuts can be found in well-drained soils, doing particularly well in sandy areas with 

the pH 6.1-7.5. Hazelnut traditionally belongs to temperate regions, the regions where 

annual temperature ranges from 13-16 ºC, the lowest temperature is around -8 to -10 ºC 

and maximum up to 36 ºC (Fideghelli and De Salvador, 2009). Apart from temperature 

requirement, hazelnut requires exposure to direct sun light with some tolerance to shade. 

A balanced annual rainfall around 800-1000 mm is considered adequate.  

Hazelnut undergoes dormancy during winter (Wu, 2013) and in North America this 

period lasts from last week of October to the third week of December (Thompson et al., 

1996). To break the dormancy, a period of chilling is required; however, chilling 

requirement varies with cultivar (Krpina et al., 1994).  

1.8 Vegetative propagation of hazelnut 

The clonal propagation of selected phenotypes is an essential step in the tree breeding 

programmes. Seeds of hazelnut germinate well after cold stratification, however, 

germination rate remains low (Williams et al., 1973). Also, plants raised through seeds 

are highly heterozygous and show tremendous variations in their habit, growth and yield 

and the grower has to select from a wide population of the plants which have the best 

characteristics and then propagate them vegetatively (Santelices et al., 2010). The 

conventional methods used for vegetative propagation of hazelnut include layering, 

grafting and root cutting. 
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1.8.1 Layering  

Among different asexual/vegetative propagation techniques, simple layering and mount 

layering is most commonly used (Wu, 2013). Simple layering involves the bending of the 

rooted mother plant horizontally in a shallow trench and subsequent side shoots develop 

as new shoots (Erdogen and Smith, 2005). In mounding, the rooted plant is cut off close 

to the ground. New shoots emerge from the stool mother plant. New shoots are girdled 

and applied with Indole butyric acid (IBA). They are partially covered with the sand or 

sawdust. Shoots develop root, rooted plants are undercut and individual plant is 

established in the orchard. Mounded layer produces higher yield and rooting as compared 

to simple layering however, stool layering and girdling require one more year of growth 

prior to planting in the orchard (Achim et al., 2000).  

1.8.2 Grafting 

Grafting is also used for the hazelnut propagation. In hazelnut, grafting is usually done on 

the two year stock of Corylus colurna as it has a well developed root system (Korac et 

al., 1996). Two types of grafts are used: the whip and tongue and the cleft and side grafts. 

The whip and tongue produces a tight fit and is more successful than the cleft and side 

grafts which lend themselves to larger rootstocks. Tongue grafting or English grafting has 

been successfully used to graft 'Tonda gentile Romana', 'Rome' and ‘Ennis’. Filberts are 

very slow to callus at low temperature (Lagerstedt, 1970).  Hot-callusing process has 

been used successfully to graft filberts by several authors (Lagerstedt, 1981; Achim, 

2000; Valentini et al., 2008).  
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1.8.3 Shoot cutting 

Root induction in cuttings is commonly used, due to its low cost and easy implementation 

(Hartmann and Kester, 1968). Propagation of softwood and hardwood hazelnut cuttings 

has been studied by several authors (Lagerstedt, 1970; Bassil et al., 1991; Ercisli and 

Read, 2000). 

Softwood cuttings are taken from mid-June to mid-July. The use of auxins to stimulate 

rooting in cuttings is well established (Hartmann and Kester, 1968; Ercisli and Read, 

2000; Erdogan and Smith, 2005). IBA is a commonly used rooting hormone and its 

effective concentration varies among the cultivars (Lagerstedt, 1981; Santelics and 

Palfner, 2010). Up to 100% rooting has been obtained with some cultivars using IBA 

concentrations from 1000-3000 ppm. Ercisli and Read (2000) treated softwood cutting of 

18 genotypes with 1000-3000 ppm IBA and only one genotype was rooted and well 

established. 

Hardwood cuttings are taken in December, February and March (Kantarci and Ayfer, 

1992). Hardwood takes more than two months to get rooted and rooting is also 

accompanied by callus formation at the base of the stem. Cristofori et al. (2010) found 

that the treatment of newly formed cutting and one year old part of twigs of ‘Tonda 

Gentile Romana’ with IBA (1000 ppm) along with putrescine (1600 ppm) showed 80% 

success rate even when the cuttings were collected in September. In both the hardwood 

and softwood cuttings, higher concentration of IBA causes the bud abortion of the 

terminal and lateral buds during rooting. This bud abscission leaves the rooted cutting 

unable to survive due to the lack of a growing point (Bassil, 1990). 
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1.9 Problems of hazelnut propagation in Ontario 

Ontario climate imposes several challenges for the growth and production of hazelnut. In 

Ontario, female flower opens in March and male flower 10 days later (Dale et al., 2012). 

Female flowers are cold-hardy however, male catkins are sensitive to frost. Warmer 

weather after low temperature damages the catkins (Snare, 2008). Therefore, there is a 

need of cold hardy pollinizer or early/late maturing cultivar for nut setting.  

Hazelnuts are self infertile, so at least two different cultivars are needed to produce nuts. 

It becomes important to have a number of different pollinators in an orchard to 

effectively pollinate the orchard (SONG, 2003). According to the OMAFRA 

recommendations, every third row within a variety block needs to be planted with 

pollinizer trees.  

Apart from the complexity in cold hardiness, hazelnut also suffers from several insect 

attacks that primarily include filbert aphid, bud mite, Japanese beetle and leaf hopper. 

Also, Eastern filbert blight (EFB) caused by a fungus Anisogramma anomala that invades 

the twigs and eventually kills the plant (SONG, 2003), remains a major concern for 

hazelnut propagators.  

C. avellana L., the European hazelnut, is highly susceptible to the EFB and lack of cold 

hardiness, but produces nuts with superior characteristics in terms of larger nut with a 

thin shell (Molnar et al., 2005). On the other hand, C. americana Marsh., the American 

hazel, is resistant or tolerant to EFB and is cold hardy, but do not have nuts with 

commercially desirable characterstics. Thus, the main objectives of hazelnut breeding 

programs are to produce cultivars with high kernel productivity along with cold hardiness 
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and high resistance to EFB. Oregon State University (OSU) has released ten pollinizer 

cultivars, 'VR 04-31', 'VR 11-27', 'VR 20-11', 'VR 23-18', 'Gamma', 'Delta', 'Epsilon', 

'Zeta', 'Eta' and three cultivars, 'Santiam', 'Yamhill', and 'Jefferson' that are 

resistant/tolerant to EFB. The cultivar ‘Yamhill’ is recommended for the kernel market 

and ‘Jefferson’ for the in-shell market.  

1.10 Need for an efficient method of propagation 

Currently, a number of cultivars suitable for plantation in Ontario have been identified 

and there is an immediate need to develop methods for rapid propagation of these plants 

for field testing. Hazelnut propagation by seed is very uncommon due to genetic 

variability of the resulting populations. Vegetative propagation is possible, but it is a very 

time consuming and cumbersome process (Srimathi et al., 1995). Hence, traditional 

systems of propagation of Corylus sp. are not efficient to obtain a large number of plants 

from selected genotypes from a breeding program. In this case, micropropagation of 

selected and desirable genotypes can be used as a tool for the production of large number 

of plantlets. 

1.11 Micropropagation  

Micropropagation techniques provide essential tools that can be used for rapid production 

of disease free true-to-the-type plants, which can fulfill the demand of the genetically 

elite planting material of desired genotype in a short time. Various parts of the plant can 

be used as primary ‘explant’ such as, the apical meristem, nodal bud, shoot buds, axillary 

buds, or through production of somatic embryos, a process commonly known as somatic 

embryogenesis. Mass propagation of economically important tree species has been of a 
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great interest (Lewu et al., 2006 and Ozyigit et al., 2007). Micropropagation of tree 

species is much more difficult than herbaceous plants (Thorpe and Harry, 1990). Only in 

the past two decades, micropropagation of woody plants including fruit trees, plantation 

crops, landscape ornamentals and forest trees has achieved significant advancement 

(Debergh and Zimmerman, 1990). Micropropagation of tree species faces a number of 

challenges before an efficient protocol is established. Woody plants have not only been 

more difficult to establish in culture, but also the processes of rooting and acclimatization 

impose significant challenges. Despite extensive research, micropropagation of hazelnut 

is still challenging and requires optimization. Several authors have attempted to optimize 

the various steps involved in micropropagation of hazelnut including initiation and 

establishment of the culture in vitro, use of supplements and growth regulators to 

promote development, and field transplantation. However, the technology of rapid, mass-

multiplication has remained a challenge and does not exist for Ontario cultivars as none 

has been researched for in vitro propagation.  

1.12 Micropropagation of hazelnut:  

1.12.1 Culture initiation and establishment and Explant source 

Time of explant collection and its source is a critical step in the initiation of the in vitro 

culture. Explants from seedling (Perez et al., 1985; Messeguer and Mele, 1987) and 

juvenile and adult materials (Messeguer and Mele, 1987; Diaz-Sala et al., 1990; Bassil et 

al., 1991; Yu and Reed; 1995; Andres et al., 2002; Damiano et al., 2005; Bacchetta et al., 

2008; Gao et al., 2008) from mature trees have been used as a source of explant for 

hazelnut culture establishment. Explants from seedlings have been used in many more 



 

 

12 

 

studies to get a clean culture than the explants from the tree (Messeguer and Mele, 1987). 

Young seedling not only produces less contamination rate and more proliferation at 

initiation stage but also tends to have higher multiplication rate in stage II as compared to 

the explant from mature tissue (Messeguer and Mele, 1987). From adult trees, axillary 

bud is preferred as an explant over shoot tip as shoot tip is more sensitive to sterilization 

and dies within a few days of culturing (Bacchetta et al., 2008). 

1.12.2 Problems associated with initiation 

Challenges associated with bud establishment include timing of explant collection, high 

levels of endogenous contamination, bud necrosis and poor sprouting (Bassil et al., 1991; 

Diaz-Sala et al., 1990; Messeguer and Mele, 1987). Timing of the explant collection is 

reported to have significant influence on the rate of contamination (Messeguer and Mele, 

1983; Bassil et al., 1991; Yu and Reed, 1995; Gao et al., 2008). Damiano et al. (2005) 

observed contamination or necrosis up to 95% of cultured explants collected between 

May to September. Yu and Reed (1995) collected the explant throughout March to 

September and found more contamination in the explant cultured after May. Gao et al. 

(2008) reported more contamination from axillary buds collected in late-March and mid-

April than late-May. 

Timing of the collection not only influences the rate of contamination but also the 

response of the culture. Bacchetta et al. (2008) reported higher axillary bud response 

when collected in spring. Highest rate of up to 68.67% of bud sprouting with greener 

leaves was observed from the axillary buds collected in the mid-May. According to Yu 

and Reed (1995), difference in the response may be related to high rainfall in June, which 
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contributes to increased contaminants and the onset of dormancy in September. 

Contamination is not only affected by the season but also by other factors such as 

structure of hazel bud, which makes it difficult to sterilize (Thomson and Deering, 2011). 

Variation in the response has been associated with the differences in endogenous level of 

plant growth regulators in C. avellana tissues collected in different periods of the year. 

High IAA and total cytokinins (Zeatin and 2iP) in the spring may facilitate the active in 

vitro growth (Andres et al., 2002). Yu and Reed (1995) reported significantly higher 

growth from the explants collected in March than in July for ‘Dundee’, whereas in case 

of ‘Newberg’ better response was observed when explants were collected in March and 

May. 

To control the contamination, different measures have been taken by researchers. 

According to Bacchetta et al. (2008) and Yu and Reed (1995), contamination rate can be 

decreased to 20-30% by taking explants from the potted plant instead of the field. Diaz-

Sala et al. (1990) and Damiano et al. (2005) reported that the cold storage of the twigs 

can greatly reduce the contamination and increase the morphogenic capacity. Storage of 

explants at 5 ºC for 3 weeks effectively induced 50% of sterile shoots as compared to 

30% in case of untreated materials. Antibiotics have been used effectively in alleviating 

the contamination in hazelnut (Reed et al., 1997). It was found that a combination of 

streptomycin with gentamycin or streptomycin with timentin was effective in eliminating 

all the bacterial strains detected from contaminated hazelnut tissue. For the endogenous 

contamination, 3-4 times higher concentration of antibiotics is needed to get the clean 

culture. Antibiotics were observed to decrease the contamination but at higher 
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concentration caused phytotoxicity. Further investigation may be needed to justify the use 

antibiotics in the medium for achieving the clean culture of hazelnut. 

Tissue browning is a severe problem in in vitro culture establishment and has been 

observed by several authors (Damiano et al., 2005; Yu and Reed, 1995; Diaz-Sala et al., 

1990). Bassil et al. (1991) observed that using ethanol during surface sterilization 

increases the formation of phenolics leading to tissue browning. Cold-storage of field-

grown branches before establishment greatly reduces the tissue oxidation (Diaz-Sala et 

al., 1990). Pre-soaking the explant in antioxidants like ascorbic acid had no advantage in 

reducing the tissue browning (Yu and Reed, 1995). 

Damiano et al. (2005) reported that one of the main difficulties for hazelnut in vitro 

culture was the necrosis of buds after inoculation. The main reasons associated with 

tissue necrosis were the use of harsh chemicals during sterilization and the lack of proper 

nutrients in culture medium. Removal of the bud leaflets after sterilization and before 

inoculation has been observed to protect the bud from harsh chemicals and reduce the 

tissue necrosis (Bacchetta et al., 2008). Moreover, culturing of isolated buds provides 

higher percentage of healthy responsive explants than uninodal explants. According to 

Bacchetta et al. (2008), the use of Na-mertiolate as the sterilizing agent is more effective 

than Na-hypochlorite, which penetrates into the cell without causing necrosis. 

Combination of the two, Na-mertiolate and Na-hypochlorite, was reported to be more 

effective and sterilized 60% of the explant, whereas 95% either had contamination or 

necrosis when either of the two sterilizing agents was used individually (Damiano et al., 

2005).  
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According to Damiano et al. (2005), the composition of the inoculation basal medium 

affects the establishment phase. In the study, Perèz-Tornero macro and micro nutrients 

and DKW vitamins supported the growth of 50% of the cultured explants to healthy 

plantlets. In the same study, it was proposed that low potassium is favorable at the 

establishment stage for the hazelnut proliferation. Use of modified MS medium 

substituted for iron source has been observed to increase the proliferation of established 

explants (Diaz-Sala et al., 1990; Bassil et al., 1991).  In another study, it was established 

that double-phase culture system significantly increases the proliferation and elongation 

at both the initiation and multiplication phase (Diaz-Sala et al., 1990).  

1.12.2   Multiplication phase 

1.12.2.1   Medium composition 

In plant tissue culture, multiplication rate of a species is influenced by number of factors 

such as medium component, carbon source and plant growth regulators. Several well 

established commonly used tissue culture basal media including DKW (Driver and 

Kuniyuki, 1984) and MS (Murashige & Skoog, 1962) media and their modifications have 

already been tested for better shoot proliferation and elongation of many species. The 

DKW and MS media have been extensively used for the hazelnut propagation 

(Messeguer and Mele, 1987; Diaz-Sala et al., 1990; Bassil et al., 1991). Other media 

compositions such as half strength K(h) (Cheng medium, 1975), PT (macro and micro 

according to Perèz-Tornero et al., 2000 and DKW organics) and WPM (Lloyd and 

McCown, 1980) have also been used (Perez et al., 1987; Damiano et al., 2005; Nas and 

Read, 2001).  Nas and Read (2004), and Bacchetta et al. (2008), developed a novel 
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medium on the basis macro and micronutrient composition in kernel. Nas and Read 

(2004) also compared new medium formulation (NM) with DKW and WPM and found 

that NM is a better medium for axillary bud induction. Thomson and Deering (2011) 

developed a novel formulation (Knoxfield 2) with elemental macronutrients composition 

found in healthy hazel leaves and also incorporated some constituents of the Corylus 

shoot multiplication media developed by Anderson (1983), Al Kai (1984) and the woody 

plant medium by Lloyd and McCown (1980). DKW medium has been used by a number 

of authors and was found to be a better medium than WPM, MS, PT for hazelnut growth 

(Yu and Reed, 1993; Nas and Read, 2001; Damiano et al., 2005; Gao et al., 2008).   

Several authors observed that hazelnut is sensitive to the form and concentration of iron. 

Three forms of iron, FeSO4, FeEDTA and FeEDDHA, have been used in the 

multiplication phase of hazelnut. Iron has long been known as an essential micronutrient 

for plants (Basiouny and Leonard, 1970). It plays an important role in chlorophyll 

biosynthesis and several other enzymes that plays important role in photosynthesis and 

respiration. It also serves as a cofactor in several enzymes such as catalase, cvtochrome 

oxidase, superoxide dismutase and peroxidase (Agarwala et al., 1965). Iron deficiency in 

plant leads to chlorosis and retarded growth, eventually leading to senescence (Cvitanich 

et al., 2010; Guerinot, 2001). The redox properties of iron that makes it as an essential 

element also contribute to its inherent toxicity (Touati, 2000). Therefore, iron 

concentration needs to be optimized for the growth of plants in culture and in vivo. Not 

only concentration, but the source of iron supplementation is also important. There are 

two common elemental states of iron, ferrous iron (Fe2+) which is relatively soluble but 

readily oxidized, and ferric iron (Fe3+) which is less soluble.  
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FeSO4 is common source of iron in plant tissue culture medium. Na2-EDTA is added 

along with FeSO4, which theoretically react to form FeEDTA. All commonly used plant 

tissue culture media such as Murashige and Skoog (MS) (Murashige and Skoog, 1962), 

Driver and Kuniyuki Walnut (DKW) (Driver and Kuniyuki, 1984) and Woody Plant 

Medium (WPM) (Lloyd and McCrown, 1980) contain both, Na2-EDTA and FeSO4.  

Some researchers use modified media with iron source substituted with different forms of 

iron. Pre-formulated form of FeEDTA is considered better than the theoretically formed 

FeEDTA by combination of FeSO4 and EDTA. However, both the forms of FeEDTA are 

highly unstable and degrade under light conditions. Free iron gets precipitated in the form 

of phosphates. According to Dalton et al. (1983), the EDTA reacts with other divalent 

ions in the medium after dissociation making them unavailable for the plant material. 

However, another chelated form of iron, Fe(III)-chelate of ethylenediamine-N,N'-di-

(ortho-hydroxyphenyl) acetic acid (FeEDDHA) is now used more frequently in the plant 

tissue culture media. 

In hazelnut micropropagation, all the three forms of iron have been used individually. Al 

Kai (1984) was the first to use FeEDDHA for the hazelnut microprogation and found 

enhanced green color of shoots. Thereafter, most of the authors used FeEDDHA as the 

iron source in the propagation medium for hazelnut (Bassil et al., 1991; Yu and Reed, 

1993; Nas and Read, 2001, 2004; Thomson and Deering, 2011; Garrison et al., 2013). 

Nas and Read (2001) compared FeSO4 and FeEDDHA and found that FeEDDHA 

produced healthy-looking shoots with dark green color leaves. However, the mean 

number of shoots was higher on FeSO4, which were not statistically different from shoot 

proliferation in FeEDDHA. A comparative study of two iron sources, FeEDTA and 
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FeEDDHA was carried out to find its effect on shoot development (Garrison et al., 2013).  

FeEDDHA induced longer shoots with higher number of nodes, chlorophyll content, 

larger leaves and dry weight compared to FeEDTA. The combination of two sources, 

FeEDTA and FeEDDHA, together has been used for Carica papaya cultures (Castillo et 

al., 1997) and was reported to increase in the number of axillary shoots and chlorophyll 

content as compared to individual iron sources at the same concentration. The effect of 

two iron sources together has not been assessed for hazelnut.  

1.12.2.2 Carbon source  

Under in vitro conditions of low CO2 and high humidity, the micropropagated  plants 

have low photosynthetic rate. Therefore, an exogenous carbohydrate supplement in the 

growth media becomes important for the tissue survival, growth and development. 

Different species have varying affinity for the various carbon sources (Teixeira da Silva, 

2004). For example, Nemesia stumosa and Petunia hybrida showed better growth 

response on lactose supplemented medium (Hess et al., 1979) whereas, Prunus mume 

grew well on glucose (Harada and Murai, 1996) and Zea mays on maltose and sucrose 

enriched media (Gauchan, 2012). Optimization of concentration of carbon source is also 

important as it maintains the osmotic balance in the cell. Lower or higher concentration 

may lead to osmotic imbalance or may cause toxic effect (Neto and Otoni, 2003).  

Sucrose is the most commonly used carbon source in hazelnut propagation (Messeguer 

and Mele, 1987; Perez et al., 1987; Bassil et al., 1991; Diaz-Sala et al., 1990; Nas and 

Read, 2004; Damiano et al., 2005; Bacchetta et al., 2008; Thomson and Deering, 2011). 

Yu and Reed (1993) carried out a study to assess the effect of different carbon sources on 



 

 

19 

 

hazelnut growth. Fructose, galactose, glucose, lactose, and sucrose were assessed at the 

concentration of 3 and 5% on a semi-solid DKW medium. Among different carbon 

souces tested, fructose and glucose significantly increased the number of shoots and 

shoot length. However, the appearance of plantlets was better on glucose medium. 

Thereafter, different hazelnut micropropagation studies preferred glucose as the carbon 

source (Gao et al., 2008; Garrison et al., 2013). Caboni et al. (2009), compared sucrose 

and glucose for two hazelnut cultivars ‘Montebello’ and ‘Tonda Romana’ 

micropropagation on semi-solid and RITA® Temporary immersion bioreactor system. 

Cultivar ‘Montebello’ did not show any significant difference between sucrose and 

glucose in both of the culture systems. Interestingly, ‘Tonda Romana’ showed better 

multiplication rate on sucrose. Variability of results in various studies indicates the need 

to assess the effect of various carbon sources on all stages of the hazelnut 

micropropagation. 

1.12.2.3 Plant growth regulators (PGR) 

Hazelnut tissue culture also faces similar challenges as other woody plants such as 

stunted growth, small internodes, smaller leaves and slower growth. A number of studies 

have been done to optimize the PGR content for the hazelnut micropropagation.  

Cytokinins are used to promote cell division, leaf expansion and to overcome apical 

dominance (George, 2008). Among the different cytokinins, 6-benzyladenine (BA) has 

been shown to be most effective for shoot proliferation of hazelnut (Perez et al, 1987; 

Diaz-Sala et al., 1990; Bassil et al, 1991). Perez et al. (1987) reported maximum number 

of shoots on the medium containing 25 to 50 µM of BA. Diaz-Sala et al. (1990) 
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compared different concentrations of BA in the presence and absence of IAA and GA3 on 

the hazelnut cv. Tonda Gentile delle Langhe and found that BA (5 mg/l) + IAA (0.01 

mg/l) + GA3 (0.1 mg/l) in both semi-solid phase and double phase system produced 

higher number of longer shoots.  However, Bassil et al. (1991) found more shoot 

multiplication at 5 µM BA than 25 µM BA when only two BA concentrations were 

compared for Ruby, Ennis, COR 145 and COR 156. Yu and Reed (1993) compared 

different concentrations of BA, Zeatin, Kinetin and 2-iP in the presence of IBA (0.01 

mg/l) and recommended that BA (1.5 - 3 mg/l) is optimal for the hazelnut shoot 

multiplication and elongation. Similar results were observed by Thomson and Deering 

(2011), however, the optimal concentration of BA was observed to be 22.2 µM. Damiano 

et al. (2005) compared different concentrations BA (0-3 mg/l) and found that the 1.5 mg/l 

BA, 0.01 mg/l IBA and 0.1 mg/l GA3 as the suitable combination for the hazelnut 

propagation and higher concentrations of BA were associated with hyperhydricity. 

Messeguer and Mele (1987) observed more vigorous and elongated shoots on zeatin 

supplemented medium than BA, however, best shoot proliferation was on 22.2 µM BA. 

Bacchetta et al. (2008) found that either zeatin or BA was the better choice of cytokinins 

for certain Italian cultivars and for others both had equivalent effects. Other cytokinins 

such as 2-iP and kinetin were found to be not so effective as compared to Zeatin and BA 

(Perez et al., 1987; Messeguer and Mele, 1987; Damiano et al., 2005; Thomson and 

Deering, 2011). GA3 and auxin in low concentrations have been used along with BA in 

various protocols of hazelnut micropropagation (Diaz-Sala et al., 1990; Yu and Reed, 

1995; Nas and Read, 2001, 2004; Damiano et al., 2005; Gao et al., 2008; Bacchetta et al., 

2008; Caboni et al., 2009; Garrison et al., 2013).  According to Diaz-Sala et al. (1990), 



 

 

21 

 

GA3 (0.29 µM) facilitates the shoot elongation. Su et. al (2011) stated that the interaction 

between auxin and cytokinin was important to control the developmental processes such 

as the formation and maintenance of meristems that are essential to establish the whole 

plant body.  

1.12.3   Rooting 

Auxins are the rooting hormones and this class of phytohormone includes 1-naphthalene 

acetic acid (NAA), indole-3-acetic acid (IAA) and indole-3-butyric acid (IBA). 

Comparative study of three auxins was carried out and IBA was demonstrated to be a 

better stimulus for root induction as compared to other rooting hormones (Damiano et al., 

2005). Various authors have used different methods for the root induction. Roots can be 

induced  in vitro by culturing in vitro grown shoots on to the medium containing IBA or 

by giving a dip treatment with IBA for some time and then transferring these shoots to 

the medium without auxin (Perez et al., 1985; Diaz-Sala et al, 1990; Bassil et al., 1991; 

Yu and Reed, 1995; Damiano et al., 2005; Bacchetta et al., 2008; Caboni et al., 2009). 

However, in both the cases responses to root induction varied with the cultivars.  

Dipping in IBA followed by culturing in the auxin-free medium has been found effective 

in root induction by a number of authors (Yu and Reed, 1995; Bassil et al., 1991; Perez et 

al., 1987; Diaz-Sala et al., 1990; Bacchetta et al., 2008; Caboni et al., 2009). Dipping the 

basal portion of shoot into 50 µM IBA solution for 5 days and transferring on the solid 

1/2 K(h) medium induced rooting in 80% of the treated shoots. Duration of shoot contact 

with IBA and its concentration significantly affects the shoot tip necrosis and callus 

formation at the base of shoot explant. As much as 100% rooting of hazelnut shoots was 
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observed by immersing the basal portion of shoot for 15 seconds in 1-10 mM IBA 

followed by culturing in auxin-free medium for four weeks (Bassil et al., 1991). Caboni 

et al. (2009) also observed 80-100% root induction in ‘Montebello’ and ‘Tonda Romana’ 

by immersing shoot bases in 80 mg/l IBA for one day and transferring shoots either in 

gelrite, agar and/or vermiculite. Dipping shoot bases for 10 seconds in 0.1-1 mg/l IBA 

solution followed by culturing on to 1/2 MS for 20 days induced rooting in 100% of 

cultured shoots of hazelnut cv. Tonda Gentille Delle Langhe (Yu and Reed, 1995). 

However, dipping treatment for 20 seconds in 1 mg/l of IBA solution following 

subculturing to HM medium was less effective and only 20-30% of shoots of cv. Tonda 

Giffoni and cv. Tonda Rmana were rooted (Bacchetta et al., 2008). 

In vitro rooting through culturing the shoots on to IBA supplemented medium has also 

been observed by number of authors (Yu and Reed, 1995; Damiano et al., 2005; Gao et 

al., 2008). Damiano et al. (2005) compared three auxins, IAA, NAA and IBA at a 

concentration of 2.4, 4.9 or 9.8 μM in 1/3 strength MOLT medium for 7 days or 28 days 

of rooting. In the same study, effect of single concentration (9.8 μM) of IBA incorporated 

in full strength and half-strength DKW semi-solid and liquid medium was also assessed. 

It was observed that 9.8 μM IAA and IBA were effective in root induction. However, 

mean percentage of shoots that were rooted was higher in shoots cultured on IBA 

containing DKW medium for the 28 days of rooting. Shoots in NAA supplemented 

medium underwent callus formation. Semi-solid DKW medium supplemented with 9.8 

μM IBA was observed to induce rooting in maximum number of shoots with more 

average number of roots. However, NAA at 0.01 mg/l in half-strength MS was observed 

to induce rooting in 90% of shoots of hybrid hazelnut cultivars (Gao et al., 2008). 
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FeEDDHA has also been used in root induction of different plant species (peach, 

Baydawi, GF-77, citrus, hybrid walnut, Japanese quince, red raspberry). According to 

Hewitt and Smith (1975), cell division and root tip meristem are sensitive to the form of 

iron and its concentration. Iron deficiency may lead to inhibition of root elongation and 

hairy root formation. Yu and Reed (1995) observed rooting of hazelnut cultivars, 

‘Willamette’, ‘Dundee’, and ‘Newberg’ on modified DKW containing FeEDDHA. 

Shoots of all the cultivars were cultured on medium containing 4.9 mM IBA for four 

weeks. In the same study, all the above three cultivars were also tested for ex vitro 

rooting in which base of shoots were dipped in 0, 1, or 5 mM IBA solution for 1 min. In 

both the cases, 64-100% rooting was observed and high survival rate was achieved after 

acclimatization of rooted and non-rooted shoots. 

1.12.4 Physical state of medium 

Micropropagation of hazelnut is also affected by the physical state of the medium. Effect 

of physical state of the medium on the hazelnut micropropagation was first evaluated by 

Diaz-Sala et al. (1990) in the double phase medium. It was observed that addition of a 

constant amount of liquid media to C. avellana ‘Tonda Gentille Delle Langhe’ explants 

had a beneficial impact on shoot growth. In the double phase media, both shoot length 

and the number of shoots per explants increased. Similar effect of increased shoot length 

and more nodes in the double-phase medium was also by Garrison et al. (2013), although 

hazelnut cultivar Geneva plantlets exhibited hyperhydricity. Hybrid cultivars grown on 

foam and supplied with liquid medium, developed longer shoots as compared to the 

shoots grown on the same medium solidified with agar at 6 g/l. (Nas and Read, 2001).  
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1.13 Bioreactors 

Most of the commercially important crops such as vegetables, medicinal plants, woody 

ornamentals and flowering plants can be vegetatively propagated by tissue culture. 

However, micropropagation can be a labor intensive and time-consuming task depending 

on the nature of the species. Semi-solid medium is generally used for the 

micropropagation which is associated with sub-culturing, number of vessels, cleaning, 

high cost and in some cases, low multiplication rate. Another problem associated with the 

semi-solid system is that it needs tissue handling that may increase the contamination 

rate. High cost and low efficiency limits the commercialisation of micropropagation 

(Simonton et al., 1991).   

Liquid medium provides several advantages over the semi-solid medium. It is convenient 

to handle, easier to replace, provides high nutrient diffusion rates and reduces oxidative 

stresses on the explant (Caplin and Steward, 1949). As a result, the use of liquid medium 

is generally more productive and has higher multiplication rates compared to 

conventional methods of micropropagation. Comparative studies have shown that liquid 

medium is better than semi-solid medium for a number of species (Wawrosch et al., 

2005; Jones et al., 2007; Pati et al., 2011). Shaking of the liquid medium prevents the 

development of gradient which is a common problem with the semi-solid and stationary 

liquid medium (Adelberg, 2006). However, it also includes the large number of vessels, 

space, cost and labor. To overcome all the limitations, different semi-automatic and fully 

automated systems have been developed. Automation of various stages of 

micropropagation helped in reducing the manual tissue handling, thereby reducing the 
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labor inputs and contamination rates. To achieve efficient micropropagation, different 

small to large commercial scale semi-automated culture systems have been developed.  

Bioreactor system is referred to as the large vessels used in micropropagation (Ammirato, 

1983). It may consist of glass, steel or plastic container that has facility of aeration and 

agitation as well as inflow and outflow of liquid medium. It should provide a sterile and 

optimum environment to the plant cell, organ or tissue growth and development by 

maintaining the pH and temperature. However, some simple lab scale bioreactor systems 

may not have many control systems. Takayama and Misawa (1981) were the first to use 

the bubble column fermentor system containing liquid medium for the micropropagation 

of Begonia. Since then, a number of bioreactor systems have been developed. A 

bioreactor vessel can be sterilized and facilitates both aeration and agitation.  

Based on the type of agitation, bioreactors can be divided into three groups: Mechanically 

agitated (Stirred tank bioreactor and rotating drum bioreactor), pneumatically agitated 

and non-agitated (bubble-column, air-lift and balloon type bubble bioreactor) and 

temporary immersion bioreactor system. Mechanically agitated bioreactor system can be 

used for the commercial scale micropropagation (Su et al., 1995). Impellers provide 

proper mixing and oxygenation of the medium. It has been used in secondary metabolite 

production of Coptis japonica (Matsubara et al., 1989), Datura stramonium (Hilton and 

Rhodes, 1990), Holarrhena antidysenterica (Panda et al., 1992), Digitalis lanata (Fulzele 

et al., 1992), Catharanthus roseus (ten Hoopen et al., 1994), Anchusa officinalis (Su et 

al., 1995), Morinda citrifolia (Abdullah et al., 2000); Panax notoginseng (Zhong et al., 

2000), Podophyllum hexandrum (Chattopadhyay et al., 2002) and Azadirachta indica 

(Prakash and Srivastava, 2007). Impeller makes its use limited for organogenesis due to 
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high shear force. Different modifications in the impeller design are available to reduce 

the shear stress. However, high energy consumption, complicated design and 

contamination rate are significant problems associated with the stirred tank bioreactors. 

 Rotating drum bioreactor consists of a horizontally rotating drum on rollers connected to 

a motor for rotation (Kondo et al., 1989). The speed of the roller can be controlled to 

minimize the shear pressure. It provides large surface area, higher oxygen transfer ability 

and relatively lower hydrodynamic stress. Rotary drum bioreactors have been used for 

the cultivation of Vinca rosea (Goldstein et al., 1980) and Lithospermum erythrorhizon 

(Tanaka, 1987).  

In airlift bioreactor system, mixing and mass transfer can be achieved by injecting air into 

the one compartment, which then allows the fluid circulation through another 

compartment (Huang and McDonald, 2009). Therefore, mixing in the airlift bioreactor 

could be obtained without causing too much shear force in the liquid phase which could 

inhibit the growth. Airlift bioreactors have several advantages such as relatively low 

energy requirement, simple design and less contamination rate. It has been used for the 

production of secondary metabolites of Lithospermum erythrorhizon (Tabata and Fujita, 

1985), Digitalis lanata (Reinhard et al., 1989), Lithospermum erythrorhizon (Shimomura 

et al.,1991), Carthamus tinctorius (Gao et al., 2000), Cudrania tricuspidata (Tanaka, 

2000), Taxus chinensis (Pan et al., 2000), Catharanthus roseus (Zhao et al., 2001), 

Catharanthus roseus (Fulzele and Heble, 1994; Zhao et al., 2001), Beta vulgaris (Shin et 

al., 2002), Eleutherococcus sessiliflorus (Shohael et al., 2005) and Echinacea purpurea 

(Jeong et al., 2009). However, dead zones develop inside the airlift vessels due to 

insufficient mixing and non-uniform nutrient supply. 

http://www.sciencedirect.com.subzero.lib.uoguelph.ca/science/article/pii/S0168165605002968�
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 Bubble column bioreactor system is a cylindrical column in which air is introduced from 

the bottom of the column which causes turbulence. Mixing of the air is done by sparging 

that creates less shear forces for the organ culture and, as an additional benefit, it 

consumes less energy than mechanical stirring. Bubble column has been used for  potato 

microtuberisation (Piao et al., 2003) and hairy root production in Atropa belladonna 

(Kwok and Doran, 1995), Artemisia annua (Kim et al., 2001) and Beta vulgaris (Suresh 

et al., 2004). Cell suspensions of Cudrania tricuspidata (Tanaka, 2000) and Taxus 

cuspidata (Son et al., 2000) have been successfully cultivated using bubble column 

bioreactor. Antifoaming agents are sometimes added to airlift and bubble-column 

bioreactor systems to prevent the foam induction due to large volume of air. Both the 

bioreactor systems are also associated with the high volume of medium evaporation and 

difficulty in mixing the viscous medium. In advance designs, a column of sterile water is 

added to maintain the viscosity of the medium. Another drawback of airlift and bubble 

column bioreactor system is that the cells are thrown out of the solution causing cell 

growth in the head space.  

Modifications are done in the airlift bioreactor as balloon type bubble bioreactor. It has a 

different shape and has sparger at the bottom of the container which is connected to an air 

pump to generate bubbles within the balloon (Son et al., 2000). The major disadvantage 

of this bioreactor is insufficient mixing however, this bioreactor was found to be reliable 

for cell, tissue and organ culture (Paek et al., 2001). It has been used for the production of 

hairy root of various valuable plant species such as Taxus cuspidata (Son et al., 2000), 

Panax ginseng (Choi et al., 2001), Hypericum perforatum (Cui et al., 2010), 

Eleutherococcus koreanum (Lee et al., 2011) and Eleutherococcus senticosus (Shohael 
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and Paek, 2013). Balloon-type bubble bioreactors have been used for the 

micropropagation via somatic embryogenesis with less shear stress on cultured cells. It 

has also been used for the in vitro propagation of Carthamus tinctorius (Gao et al., 2000), 

Panax ginseng (Paek et al., 2001), Lilium (Lian et al., 2003; Paek et al., 2001), grape 

(Shim, 2002), Hypericum perforatum (Zobayed and Saxena, 2003), Chrysanthemum 

(Sivakumar et al., 2005) and Spathiphyllum Cannifolium (Dewir et al., 2007). 

Shoots and somatic embryos are very much sensitive to shear pressure, mechanical 

damage and foam formation (Teisson et al., 1995). Most of the above mentioned 

bioreactor systems involve the complete immersion of the culture (Tisserat and 

Vandercook, 1985). Although submersion technologies can be used to propagate a 

variety of plant maerials including shoots, plants, hairy root cultures and the cell 

suspensions, complete immersion may be detrimental to plant growth. Prolonged 

submersion and lack of aeration in continuous liquid based systems can result in glassy 

appearance of plantlets and is usually associated with lower chlorophyll and higher water 

content (Frank et al., 2004; Bottcher et al., 1988). These morphological and physiological 

disorders in plantlets under continuous liquid based system is known as hyperhydricity 

(Ziv, 2000). To overcome the issue of hyperhydricity, the technique of temporary 

immersion system (TIS) was developed. 
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1.13.1 Temporary Immersion System (TIS) 

TIS involves a temporary immersion of the explant in the liquid medium for specific 

interval of time, thereby providing the medium at one interval and oxygenation during the 

other (Teisson et al., 1995; Escalona et al., 1999). It adequately mixes the medium and 

does not allow the accumulation of solute and toxic phenolic compounds in and around 

the explant. TIS does not involve frequent subculturing and medium replacement and it 

limits the shear stress for the growing explant (Arencibia et al., 2008). As plantlets are 

not immersed into the medium for longer periods, hyperhydracity is much less frequent. 

Usually these reactors are operated in light and temperature controlled growth rooms. 

Several crops such as peach (Prunus persica L., Hammerschlag, 1982), wheat (Triticum 

aestivum, Jones and Petolino, 1988), cotton (Gossypium hirsutum, Gawel and Robacker, 

1990), orchid (Hempfling and Preil, 2005) and banana (Farahani and Majd, 2012) have 

been successfully mass multiplied in liquid-based TIS. 

Steward et al. (1952) was first to observe that root immersed in the liquid medium did not 

grow readily because of lack of oxygen. An 'auxophyton' was designed which rotated the 

culture vessel thereby immersing the explant at one time and exposing to the air on the 

other. Carrot tissue with the weight of 98.6 mg was observed as compared to 38.1 mg on 

semi-solid medium after 20 days of culture. In 1983, Harris and Mason, designed two 

machines, one to tilt the Erlenmeyer flasks and other to rock the wide mouth Mason jars. 

In addition to Stewards' (1952) view of alternate immersion, Harris and Mason (1983) 

added that continued mixing may reduce toxic substances around the explant and 

increased the growth of the explant.  
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Heller (1965) first gave the concept of temporary immersion and found that submersion 

of the explant for small period of time has similar effects as a true renewal of medium in 

suspension culture. Based on the principle of TIS, different designs were introduced in 

the market. Tisserat and Vandercook (1985) designed a TIS system consisting of a large 

elevated culture chamber that periodically fills and drains the medium.  

The commonly used TIS are RITA® bioreactor system (Teisson and Alvard, 1999) and 

Tilting-Rocker machine (Harris and Mason, 1983). RITA® bioreactor consists of two 

chambers (Etienne and Berthouly, 2002). The chambers are separated from each other by 

means of a sieve. Upper chamber supports the plantlet and lower one contains medium. 

Air with pressure is pumped into the lower chamber, containing liquid medium, which 

pushes the medium  into the upper chamber of the bioreactor containing cultured plant 

tissue. Plants remain immersed until the lower chamber is pressurized. During this 

immersion time, air bubbles agitate and aerate the media and the plants. Overpressure 

escapes out through an outlet having a filter attached to it. When overpressure is 

removed, the media recedes back to the lower chamber due to gravity. RITA® system has 

been extensively used for various crops such as Coffea arabica (Berthouly et al., 1995), 

Eucalyptus (Mc Alister et al., 2005), Ananas comosus (Escalona et al., 2003), Artemisia 

judaica L. (Liu et al., 2003), Crescentia cujete (Murch et al., 2004), Olea europaea 

(Grigoriadou et al., 2005), Prunus and Malus (Damiano et al., 2005), Musa spp. (Aragon 

et al., 2005; Noceda et al., 2012), Fragaria (Debnath, 2008), Capsicum annuum L. 

(Rodeva et al., 2008), Saccharum spp. (Mordocco et al., 2009), Glycyrrhiza inflata 

(Wang et al., 2010) and Vaccinium angustifolium (Debnath, 2011).  
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Another variant of TIS is known as Tilting-Rocker machine involves the cyclic 

immersion of plantlets in culture vessel by tipping sidewise using tilting power motor, 

which alternate submerge interval of 30 sec or more. The Tilting-Rocker machine was 

successfully used for grapevines with 7 times higher shoot production compared to semi-

solid medium (Harris and Stevenson, 1982; Harris and Mason, 1983). Although Tilting-

Rocker machine has not been used for multiplication of hazelnut, it could potentially be a 

suitable system. The Liquid Lab RockerTM is a simple Tilting-Rocker machine, which 

tilts the Liquid LabTM vessels at an angle in both the directions thereby intermittently 

immersing the explant into the medium for specific period of time. It has been 

successfully used for mass multiplication of Pyrus communis (Damiano et al., 2000), 

Curcuma longa (Adelberg and Cousins, 2006), Artocarpus altilis (Murch et al., 2008), 

Echinacea purpurea L. (Jones et al., 2009), Solanum tuberosum (Kamarainen-Karppinen 

et al., 2010) and Panax quinquefolius L. (Uchendu et al., 2011).   

Effects of TIS using RITA® system on shoot multiplication and shoot length of hazelnut 

has already been observed by Caboni et al. (2009). Italian hazelnut cultivars ‘Montebello’ 

and ‘Tonda Gentile Romana’ showed a promising multiplication rate in RITA® TIS. The 

temporary immersion system enhanced the shoot multiplication and produced plantlets 

without hyperhidric symptoms. However, other version of TIS Tilting-Rocker machine 

has not been assessed for hazelnut micropropagation. 
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1.14   Other factors affecting micropropagation  

1.14.1 Phenolic compounds  

In tissue culture, phenolic compounds leach out into medium after tissue excision and 

may be aggravated by growth media constituents (Seneviratne and Wijesekara, 1996). 

The presence of phenolic compounds may cause death of explants. This problem is more 

prevalent in micropropagation especially in woody perennials (Ziv, 2005). In case of 

hazelnut, the production of phenolic compounds responsible for tissue browning was 

reported by Yu and Reed (1995) during the establishment stage.  According to North et 

al. (2012), medium composition may influence the phenolic exudation. The use of both 

Woody Plant Medium (WPM) (Lloyd and McCown 1980) and MS (Murashige and 

Skoog 1962) medium resulted in a greater percentage of tissue browning during culture 

establishment as compared to DKW (Driver and Kuniyuki 1984) medium (Bassil et al. 

1991). Damiano (2005) also observed tissue browning and necrosis in 90% of the 

sterilized buds of C. avellana on WPM and MS media whereas 50% of buds in DKW 

medium were successfully established. Tissue browning occurs due to polyphenol-

oxidase, which is released after tissue wounding (Gamborg, 2002). These changes 

eventually lead to the growth inhibition. Exogenous application of adsorbants and 

antioxidants in plant cultures have been proven beneficial in overcoming the deleterious 

oxidative stress (Joy et al., 1988). Diaz-Sala et al. (1990) observed successful 

establishment of nodal segments and apical buds of adult hazelnut cv. Tonda Gentile 

delle Langhe on modified MS medium containing 2 mg/l of ascorbic acid. However, pre-

soaking of nodal explant in ascorbic acid did not prevent the tissue browning in European 

hazelnut cultivars at the establishment stage (Yu and Reed, 1995). The effects of 
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inclusion of adsorbents such as activated charcoal and PVPP and the antioxidant such as 

melatonin and ascorbic acid at multiplication stage of hazelnut propagation have not been 

assessed.  

1.14.2 Endogenous level of phytohormones 

Sprouting of the lateral buds is an important factor to increase the in vitro multiplication 

rate of any species. The sprouting of the lateral bud in tissue culture is affected by 

exogenous level of phytohormones. Accumulation of auxin in the lateral bud has been 

hypothesised to inhibit the growth of lateral bud (Shukla et al., 2012). Auxin transport 

inhibitor, 2,3,5-triiodobenzoic acid (TIBA) and auxin function/action inhibitor, p-

chlorophenoxyisobutyric acid, (PCIB) effectively inhibits the auxin activity (Murch et 

al., 2005). Application of TIBA and PCIB have demonstrated beneficial effects such as 

breaking of the lateral bud dormancy and in turn, increased shoot multiplication. Shukla 

et al. (2012) observed significantly enhanced shoot proliferation in American elm 

cultures when PCIB was added to the medium. However, the effect of antiauxins has also 

not been assessed on the hazelnut propagation. 

1.14.3 Salicylic acid and acetylsalicylic acid 

Salicylic acid (SA) and its close analogue aspirin (ASA) strongly modulate plant growth 

and development (Raskin, 1992). SA is well known to act as a signalling molecule and is 

involved in the expression of specific responses in plants to biotic and abiotic stresses. 

Exogenous application of SA has been observed to increase the growth and productivity 

of many species in the field as well as in vitro (Raskin, 1992). In several studies, SA has 

been used at different stages of growth and development such as seed germination, 
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flowering, tuberization and fruit yield. It was observed that SA increased the number of 

shoots and leaves in mulberry (Singhvi et al., 2002). In soybean, treatment of 0.1 mM SA 

was observed to increase the leaf area at the seedling stage (Lian et al., 2000). Kumar et 

al. (2002) reported increased photosynthetic activity due to SA treatment, which 

increased soybean yield. Increased photosynthetic activity and yield in corn were also 

observed by Khan et al. (2003) with the application of 1 mM SA.  Similar SA treatment 

was also shown to increase the dry mass of wheat seedling (Singh and Usha, 2003) and 

enhanced overall plant biomass was observed in rice with foliar application of 100 ppm 

SA (Maibangsa et al., 1999).  

 Under in vitro conditions, SA significantly promoted the number of bud regeneration 

into shoots and shoot height in Ziziphus (Galal, 2012). Salicylic acid or its derivative o-

acetyl-salicylic acid (ASA) or aspirin was found to be more effective than salicylic acid 

in the induction of in vitro organogenesis in potato (Flores-Tena, 1993). SA or ASA at 

50-200 µM further stimulated the benzyladenine induced shoot organogenesis in 

Cucumis melo (Shetty et al., 1992). However, further increase in the concentration had 

deleterious effects. Lower concentrations of SA and/or ASA have been observed to 

increase the somatic embryogenesis in a number of species including Astragalus 

adsurgens (Luo et al., 2001) and Coffea arabica (Quiroz-Figueroa and Mendez-Zeel, 

2001). Exogenous addition of the salicylic acid derivative aspirin promoted colony 

formation from protoplasts in maize (Carswell et al., 1989). Promotive effects of SA and 

ASA have been reported earlier in lower plants. Saxena and Rashid (1980) observed 

increased bud induction in the moss Anoectangium thomsonii in the presence of salicylic 
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acid. However, the effects of SA and ASA have not yet been investigated on hazelnut 

micropropagation. 

In literature, a number of studies have been done for hazelnut plantlet establishment 

under in vitro conditions, rooting and final transplantation to the greenhouse. However, 

there is still a need of improvement of micropropagation protocol to produce plantlets for 

field trials. A limited study has been done to improve the multiplication of hazelnut 

plantlets under in vitro conditions. This study focused on improvement at each step of 

micropropagation starting from initiation, culture system, culture medium modifications 

and root induction.  Based on literature review and considering key factors for large-scale 

propagation of hazelnut, various experiments were designed to develop an efficient 

protocol for micropropagation using the temporary immersion bioreactor system. A 

number of additives like activated charcoal, polyvinylpolypyrrolidone (PVPP), antiauxin, 

salicylic acid and aspirin that have not been assessed for their effect on the shoot 

proliferation were studied.  

1.15 Hypotheses 

(1) Iron supplementation by addition of FeEDDHA into basal DKW medium, which 

already contains FeSO4 enhances the shoot proliferation and shoot development of 

hazelnut as compared to modified DKW where FeEDDHA is the only source of iron. 

(2) Temporary immersion (TIS) of the nodal explant in liquid medium can enhance shoot 

multiplication of hazelnut cultivars as compared to conventional semi-solid system. 

(3) Antioxidant compounds and adsorbents in the liquid-based TIS enhances the shoot 

multiplication by increasing number of shoots and nodes. 
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(4) Salicylic acid and aspirin in the presence or absence of BA and/or FeEDDHA can 

enhance lateral bud response of hazelnut in the liquid medium. 

(5) Addition of an antiauxin enhances the lateral bud induction in hazelnut increasing the 

multiplication rate in the liquid-based TIS. 

(6) Among glucose, fructose, sucrose, maltose and lactose, glucose is the most suitable 

carbon source in promoting growth and development of hazelnut explant in liquid-based 

TIS.  

(7) IBA in liquid medium induces greater root proliferation higher than semi-solid 

medium and the rooting response is further enhanced by the addition of FeEDDHA.  

1.16   Objectives 

The main objective of this research was to develop an efficient protocol for the 

micropropagation of hazelnut, which can be used to supply the large numbers of plants 

required for the field trials. To achieve the main goal of increasing the multiplication rate 

of hazelnut, the objectives of this research were to: 

(1) evaluate the effect of FeEDDHA as the sole of source iron supplement or in 

combination with FeSO4 on growth and development of hazelnut cultivars.  

 (2) evaluate the growth performance of hazelnut cultivars in temporary immersion 

system as compared to semi-solid medium. 

(3) evaluate the effect of antioxidants (melatonin and ascorbic acid) and adsorbants 

(activated charcoal and PVPP) on the shoot multiplication of hazelnut cultivars in TIS.  
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(4) evaluate the effect of SA and ASA in the presence or absence of BA and/or 

FeEDDHA on lateral bud induction and its further development.  

(5) evaluate the effect of antiauxins such as PCIB and TIBA on the lateral bud induction 

of hazelnut. 

(6) evaluate the effect of various carbon sources (sucrose, glucose, fructose, maltose and 

lactose) on the in vitro growth of hazelnut in TIS. 

(7) evaluate the effect of IBA and FeEDDHA on in vitro root induction in hazelnut 

cultivars in liquid (test tubes and TIS) as well as solid medium. 
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Chapter 2:  Growth optimization of hazelnut culture in Liquid LabTM Rocker 

temporary immersion bioreactor system 

Abstract 

A study was conducted to improve the micropropagation of hazelnut. Effect of 

ethylenediamine-N,N'-di-(ortho-hydroxyphenyl) acetic acid (FeEDDHA) as an iron 

supplement was assessed in the presence and absence of ferrous sulphate (FeSO4)/ 

ethylenediamene tetra acetic acid (EDTA) in the Liquid LabTM temporary immersion 

bioreactor system (LIS). Iron supplement using two different sources enhanced the shoot 

proliferation, shoot length and number of nodes. A comparison of four different cultivars 

of hazelnut was assessed on semi-solid medium and a liquid based bioreactor system on 

basal Driver and Kuniyuki Walnut (DKW) medium supplemented with 6-

benzylaminopurine (BA), gibberellic acid (GA3), 3-Indolebutyric acid (IBA) and 

optimized concentration of FeEDDHA. Nodal explants of the cultivars Geneva, Epsilon, 

Jefferson and HF-16 were observed to perform better in liquid based bioreactor system 

than conventional semi-solid medium. LIS significantly increased the number of shoots, 

shoot height, leaf area and chlorophyll content in all of the cultivars tested. Cultivars 

differed significantly with respect to multiplication rates in the liquid bioreactor system. 

Among the four cultures, HF-16 had highest multiplication rate in LIS. These results 

suggest that efficient large-scale multiplication of hazelnut shoots in bioreactors is 

possible using this system. 
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2.1 Introduction 

In vitro propagation of plantlets, often referred to as micropropagation, has several 

advantages over conventional methods of propagation. It is especially useful to produce 

large numbers of physiologically and genetically similar, disease-free plantlets in a short 

period of time (Paek et al., 2001). Micropropagation of woody plants is often problematic 

due to genotypic variation, high contamination rates, persistent endogenous pathogens, 

oxidative browning, and aging (Tantos et al., 2001).  However, this approach to plant 

propagation is of particular value in woody plants due to the prevalence of genetic 

variability in seedling populations, long generation times that restrict breeding efforts, 

and the potential to transmit disease through conventional clonal propagation techniques.  

Propagation of hazelnut using shoot nodal segments on semi-solid medium has been 

described by number of authors (Perez et al., 1985; Bassil et al., 1991; Nas and Read, 

2004; Damiano et al., 2005; Gao et al., 2008; Garrison et al., 2013). Earlier study showed 

that hazelnut was observed to perform better in the liquid medium however, shoots 

exhibited hyperdydricity (Nas and Read, 2001). Italian hazelnut cultivars ‘Montebello’ 

and ‘Tonda Gentile Romana’ showed a promising multiplication rate in Recepient for 

Automated Temporary Immersion System (RITA®, Caboni et al., 2009). However, 

proliferation of hazelnut is affected by a number of factors including genotype, growth 

medium and micronutrients particularly, iron supplement. Iron has long been known as 

an essential micronutrient for plant health (Basiouny et al., 1970). Previous studies have 

shown that hazelnut is especially sensitive to both the concentration and the type of iron 

source (Yu and Reed, 1995; Garrison et al., 2013).  
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The most commonly used compound as iron-source in plant tissue culture medium can be 

inorganic such as FeSO4 and/or synthetic ligand such as ethylenediamine tetraacetic acid 

(Fe (III)-EDTA). Free iron is prone to precipitation as iron phosphate and becomes 

unavailable to the plant (Dalton et al., 1983). In 1952, Street et al. reported the beneficial 

effects of chelated iron form in in vitro studies. Thereafter, EDTA in the form of 

Na2EDTA has been added to the medium at the equimolar concentration with FeSO4, 

which theoretically form FeEDTA completely in the medium. FeSO4 and Na2EDTA are 

the important components of most of the plant culture media including Murashige and 

Skoog (MS) (Murashige and Skoog, 1962), Driver and Kuniyuki Walnut (DKW) (Driver 

and Kuniyuki, 1984) and Woody Plant Medium (WPM) (Lloyd and McCrown, 1980). 

Alternative chelated forms of iron have also been used and one of the stable iron chelate 

used in the plant tissue culture medium is Fe(III)-chelate of ethylenediamine-N,N'-di-

(ortho-hydroxyphenyl) acetic acid, usually known as Fe(III)-o,o-EDDHA or FeEDDHA. 

Various studies on hazelnut have utilized media with FeSO4 and/or FeEDTA (Messeguer 

and Mele 1987; Diaz Sala et al., 1990; Damino et al., 2005, Andres et al., 2002; Nas and 

Read, 2001). FeEDDHA is an another iron chelate that has been successfully used and 

resulted in higher multiplication rate and enhanced rooting in cultivars of hazelnut (Bassil 

et al., 1991; Yu and Reed, 1995; Nas and Read,  2001, 2004). A comparative study of 

these two chelating agents has also shown enhanced growth and proliferation of hazelnut 

on the semi-solid medium supplemented with FeEDDHA (Garrison et al., 2013). The 

effect iron supplement as FeEDDHA alone or in combination with inorganic iron 

supplement FeSO4 in liquid based culture system of hazelnut shoots has not yet been 

investigated. 
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The main objective of this study was to optimize the type and concentration of iron 

supplements for the micropropagation of a hybrid hazelnut (Corylus avellana L. x 

Corylus americana M. cv. Geneva) in a temporary immersion bioreactor system for large 

scale micropropagation. The second objective was to compare the growth parameters of 

four cultivars of Corylus species viz., Geneva, HF-16, Epsilon and Jefferson in Liquid 

LabTM temporary immersion bioreactor system (LIS) and semi-solid culture system. 

2.2 Materials and Methods 

2.2.1 Plant material and culture establishment 

Four hybrid hazelnut (Corylus sp.) cultivars namely, Geneva, HF-16, Epsilon and 

Jefferson were used in the experiments. In vitro shoot cultures of Geneva and HF-16 

were originally derived from greenhouse grown plants, while Epsilon and Jefferson were 

obtained from North American Plant Inc. (Oregon, USA). Nodes with single shoot buds 

of Geneva were collected in mid-May from two year old plants grown in greenhouse. 

Buds were cleaned and rinsed in running tap water for 60 min. Sterilization was done by 

dipping the explants in 70% (v/v) ethanol for one minute followed by immersion in 20% 

(v/v) solution of a commercial bleach (Clorox®, The Clorox company; 5.4% sodium 

hypochlorite) for 20 min with intermittent agitation. Finally, buds were washed three 

times with sterile distilled water. These sterilized buds were cultured on liquid and 

semisolid basal DKW medium with or without antibiotics. The DKW basal medium was 

supplemented with 3% (w/v) sucrose and 2 ml/l Plant Preservative Mixture (PPM™). In 

semisolid media, Gelrite (2.2 g/l) was used as the solidifying agent. For the medium with 

antibiotics, Antibiotic antimycotic solution (Sigma-Aldrich catalogue #5955) was added 
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to the cooled autoclaved medium after filter sterilization at the concentration of 10 ml/l. 

Individual explant was cultured in a test tube containing 8 ml of culture medium. The 

experiment was completely randomized with 32 replicates for each medium type 

containing a test tube with a shoot bud. The culture was incubated for four weeks at 22 oC 

with a 16 h of photoperiod (35-40 µmol m-2 s-1). After four weeks, developed shoots were 

excised and maintained on the semi-solid basal DKW culture medium supplemented with 

BA (17.6 µM), GA3 (0.29 µM) and IBA (0.014 µM).  

2.2.2 Effect of iron supplements on growth of Corylus avellana L. x Corylus 

americana M. cv. Geneva 

In this experiment, effect of iron supplement was studied on hazelnut cultivar Geneva. 

Two different types of DKW media were prepared, commercial DKW (CDKW) and 

modified DKW (MDKW). Commercially available DKW basal salt (Phytotechechnology 

laboratories, D2470), contains FeSO4 and Na2EDTA in equimolar concentrations at 

121.58 µM. This basal salt was used to prepare CDKW medium whereas, the MDKW 

medium was prepared with CDKW formulation except addition of FeSO4 and Na2EDTA. 

Additionally,, both these media were supplemented with glucose (3%), BA (17.6 µM), 

GA3 (0.29 µM), IBA (0.014 µM). Iron supplement in the form of organic iron chelate 

ethylenediamine bis (2)-hydroxyphenylacetic acid (FeEDDHA; PhytoTechnology 

Laboratories, Shawnee Mission, KS) was added to both the media types at various 

concentrations of 0, 230, 345, 460 and 575 µM. Media was autoclaved at 121 ºC for 15 

min. Nodal explants were cultured in Liquid LabTM temporary immersion (LIS) vessel 

containing 50 ml of autoclaved CDKW medium or MDKW medium. For each 

concentration, four replicates were used, each replicate containing a LIS vessel with 
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seven nodal explants. The cultures were maintained on a Liquid LabTM rocker temporary 

immersion bioreactor system (Southern Sun BioSystems, Inc. Hodges, SC) at 22 ºC with 

16 h photoperiod (35-40 µmol m-2 s-1). The speed of the rocker was 30 sec/cycle thereby 

temporarily immersing the explant for 30 seconds during each cycle. The experiment was 

conducted using a completely randomized design and repeated twice. After six weeks, 

observations on number of shoots/explant, average shoot height and average number of 

nodes per shoot were recorded. 

2.2.2.1 Iron detection in leaves 

Iron uptake of plants grown in the various media was investigated using Perl's Prussian 

blue/Diaminobenzidine (PPB/DAB) according to the method described by Meguro et al. 

(2007). In brief, leaves were vacuum infiltrated for 10 min in a freshly prepared solution  

containing of 4% (v/v) of commercial HCl (37%) and 4% (w/v) potassium-ferrocyanide 

followed by incubation for 30 min at room temperature. Leaves were washed with 

distilled water and further incubated in 0.01 M sodium azide (NaN3) and 0.3% (v/v) 

hydrogen peroxide (H2O2) in methanol for 30-40 min until discoloration of the leaves 

occurred. To further intensify the stain for better contrast, leaves were incubated in 100 

mM phosphate buffer (pH 7.4) containing 0.025% (w/v) DAB, 0.005% H2O2, and 

0.005% (w/v) cobalt chloride (CoCl2) for 5-6 min. Finally leaves were washed three 

times with 100 mM phosphate buffer (pH 7.4) and observed under bright field. Three 

leaves from each replicate of the treatments were collected randomly and stained as 

described above. 
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2.2.2.2 Quantification of total iron content in plantlets 

Plantlets from three individual replicates for each concentration of iron supplement were 

pooled and dried in oven for 24 h at 80°C. Samples were homogenized and analyzed 

through ICP-AES (inductived coupled plasma atomic emission spectroscopy) at 

Laboratory Services Division (University of Guelph, Guelph, ON).  

2.2.3 Comparison of LIS and semi-solid system for growth of hazelnut cultivars  

In this experiment, growth performance of four hybrid hazelnut (Corylus sp.) cultivars 

viz. Geneva, HF-16, Epsilon and Jefferson were compared in the LIS and conventional 

semi-solid culture systems. Liquid medium for LIS was prepared using DKW basal salts 

with addition of BA (17.6 µM), GA3 (0.29 µM), IBA (0.014 µM) and 460 µM 

FeEDDHA. In semi-solid culture medium, Gelrite was added as the solidifying agent at a 

concentration of 2.2 g/l.  Nodal explants with 3-4 nodes were transferred to the magenta 

boxes and LIS vessels containing 50 ml of autoclaved semi-solid and liquid medium, 

respectively. Cultures were maintained in the growth room under the same conditions as 

described earlier. In LIS, each cultivar had four replicates, each containing one LIS vessel 

with 7 explants in each. In semi-solid system, each cultivar had 7 replicates (Magenta 

box) with four explants in each box. Observations were taken on the number of shoots 

produced per explant, shoot height, number of nodes in new shoot produced and 

chlorophyll content after eight weeks of culturing. Multiplication rate was calculated by 

multiplying the number of shoots by the number of nodes. Leaf area was measured using 

ImageJ-win 64 software (Glozer, 2009).  
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Stomatal distribution and aperture dimensions were observed from 6 leaves of three LIS 

replicates which included three leaves selected from the upper and lower portion of the 

plantlets. In case of the semi-solid system, three boxes of each cultivar were randomly 

selected and leaf samples were taken in the same manner as for the LIS. For counting 

stomata, leaves were stained with 20 µM propidium iodide according to the protocol 

described by Chitraka and Melotto (2010). Stomata on leaves were examined using a 

confocal laser scanning microscope (Leica, TCS-SP5) using an excitation of 453 nm, and 

emissions between 543 and 620 nm. 

2.2.3.1 Chlorophyll estimation 

Fresh leaves of known weight (100-250 mg) from each replicate (total four replicates) of 

each treatment were collected and cut into small pieces. Chopped leaves were extracted 

in 8 ml of 95% of ethanol for 48 h at 4ºC in the dark. Absorbance of the supernatant was 

measured on Beckmann Coulter DU-800 spectrophotometer at 664 and 648 nm against 

95% ethanol as blank. Total chlorophyll content (i.e. Chlorophyll a and b) was calculated 

according to Lichtenthaler et al. (2001). 

Statistical analysis: All the experiments were conducted using a completely randomized 

design and analysis of variance was done using GraphPad Prism version 5. Effect of 

different concentrations of two iron sources was analysed using one-way ANOVA and 

the interaction effects between the cultivars and physical state of medium were evaluated 

using factorial designs (2x4). Means were compared using Tukey’s test (P< 0.05). The 

data are presented as means ± standard error of means. 
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2.3 Results 

2.3.1 Plant material and culture establishment 

A total of 128 shoot buds of Geneva cultivar were collected from two year old plants 

grown in the greenhouse and cultured on DKW solid and liquid basal media containing 

PPM in the presence and absence of antibiotics. Approximately 3-5% of axillary buds 

were found to be contaminated in both media types with or without antibiotics. Solid 

medium containing antibiotics had twice the frequency (approximately 30%) of bud 

initiation compared to the media without antibiotics, where only 15% bud initiation was 

observed. In the case of liquid media, no bud initiation was observed in either media type 

with or without antibiotics. Antibiotics in the solid media delayed bud initiation, which 

started after 15-19 days as compared to 7-10 days in the media without antibiotics (Figs. 

2.1-2.2; data not shown).  

2.3.2 Effect of iron supplements on growth parameters of cultivar Corylus avellana 

L. x Corylus americana M. cv. Geneva 

Nodal explants of Geneva failed to grow in MDKW medium in absence FeEDDHA (0 

µM FeEDDHA) whereas, a minimal regeneration was observed in CDKW medium. A 

minimal addition of FeEDDHA (230 µM) in MDKW medium promoted shoot 

development from explant to a maximum, which gradually declined with an increase in 

FeEDDHA concentration (Fig. 2.3a). However, this declining trend was absent in case of  
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Fig. 2.1. Bud initiation from nodal explants of Corylus avellana L. x Corylus americana 
M. cv. Geneva on the DKW basal semi-solid medium with antibiotic on (a) day 1 (b) day 
21 and (c) day 28 of culturing. 

 

 

 

 Fig. 2.2. Bud initiation from nodal explants of Corylus avellana L. x Corylus americana 
M. cv. Geneva on DKW basal semi-solid medium on (a) day 1 and(b) day 21 of 
culturing.  
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CDKW medium, where maximum shoot development was observed at 460 µM of 

FeEDDHA. Addition of FeEDDHA in both media gradually increased the shoot height 

and number of nodes with an increase in concentration up to 460 µM (Figs. 2.3b-c). 

Among these two media types, explants in CDKW medium showed a better growth 

performance. In both media types, FeEDDHA at 575 µM significantly retarded the shoot 

height and number of nodes. 

2.3.2.1 Iron detection in leaves  

Accumulation of iron in in vitro developed leaves was qualitatively evaluated by staining 

with PPB/DAB. In this method, potassium-ferrocyanide reacts with ferric ion and 

produces a blue color pigment called Perls’ Prussian blue (PPB). DAB further 

intensifiesthe blue color by oxidative polymerization with PPB in the presence of H2O2, 

which appears as reddish brown spots. In this study, this method was utilized to localize 

the iron distribution. The PPB/DAB detection method confirmed variations in iron 

content of the leaves of plants grown in different concentrations of iron supplements (Fig. 

2.4). Leaves from plants grown with 121.58 µM FeSO4 only (Control Treatment – II, 

Table 1) showed minimal reddish-brown spots that were more prominent near veins, 

indicating low Fe content in the tissue. Distribution of reddish-brown spot of iron was 

observed in leaves of plants grown in medium with up to 460 µM of iron provided either 

by FeEDDHA alone or in combination of FeSO4. This even distribution of reddish-brown 

spots was maintained up to 575 µM of iron given in combination of both organic and 

inorganic iron source. However, when iron was provided with FeEDDHA alone, it 

formed larger spots, suggesting accumulation and compartmentalization of iron. 
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Fig. 2.3. Effect of various concentrations of FeEDDHA alone (MDKW medium) or in 
combination with constant amount of FeSO4 (121.58 µM; CDKW medium) on nodal 
explants of Corylus avellana L. x Corylus americana M. cv. Geneva on (a) shoot height 
(b) number of shoots and (c) number of nodes after eight weeks of culture. Columns with 
same letter indicate no significant difference using Tukey's test (P<0.05).  
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Fig. 2.4. Iron detection in the leaf tissue of Corylus avellana L. x Corylus americana M. 
cv. Geneva grown at different concentrations of iron supplements through Perls' Prussian 
blue/Diaminobenzidine. Arrows indicating iron pigments after staining and pictures were 
taken at same magnification level.  
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 2.3.2.2 Quantification of total iron content in plantlets 

ICP-AES was used to measure the iron content of plantlets grown in the medium with 

different iron concentrations. Results indicated that iron accumulation in the tissue was 

much higher when provided in combination of FeEDDHA and FeSO4 in basal DKW 

medium as compared to FeEDDHA alone up to the 460 µM (Fig. 2.5). However, further 

increase in concentration to 575 µM, showed a dramatic increase in iron content (575 

mg/kg) in case of FeEDDHA alone (Treatment I; table 1), whereas in case of organic and 

inorganic sources added together, the iron content reduced to 390 mg/kg.  

2.3.3 Comparison of LIS and semi-solid system for growth of hazelnut cultivars  

Growth parameters of four hazelnut cultivars viz., Geneva, HF-16, Epsilon and Jefferson 

were compared on conventional semi-solid medium and LIS. An interaction effect was 

observed between cultivars and physical state of medium in promoting all the parameters 

such as number of shoots, number of nodes, shoot height, leaf area, chlorophyll a and 

chlorophyll b (Fig. 2.6, 2.7a-g, 2.8 and 2.9; Appendix-1, Table 1). In comparison to 

conventional semi-solid system, the use of LIS significantly increased the shoot height (at 

least 2 fold), leaf area (at least 3 fold) and chlorophyll content in all of the cultivars 

tested. The number of shoots and multiplication rate were also significantly increased in 

all cultivars except for Jefferson. However, the number of nodes did not change 

significantly irrespective of the physical state of medium or culture system in any of the 

cultivars tested. No significant difference in shoot height was observed among cultivars 

within each medium. HF-16 (3.3±0.2) produced a significantly higher number of shoots 

than Jefferson (2.1±0.4) and Epsilon (2.2±0.2) in LIS. However, among cultivars tested,  
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Fig. 2.5. Iron content in whole plant tissue of Corylus avellana L. x Corylus americana 
M. cv. Geneva plantlets grown in medium containing different concentrations of iron 
source provided by constant amount of FeSO4 (121.58 µM) + varying FeEDDHA (Blue 
line) and in plantlets grown in varying concentration of FeEDDHA (Red line). 

 

 

 

 

 

 

 

 

Fig. 2.6. Liquid Lab™ temporary immersion system used for the micropropagation of 
hazelnut.  
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there was no significant difference in number of shoots on semi-solid culture medium. In 

semi-solid culture medium, Epsilon produced a significantly higher number of nodes than 

Geneva and Jefferson. However, this difference was not apparent in LIS. Among the four 

cultivars tested, HF-16 had highest multiplication rate on both semi-solid and LIS with a 

mean of 13.24±1.2 and 28.4 ± 2, respectively. Geneva plantlets produced leaves with 

significantly higher leaf area. Mean chlorophyll a and b content were relatively higher in 

HF-16 and Epsilon.                         

No particular trend was observed in case of distribution of stomata in the leaves of 

different cultivars taken from upper or lower parts of the plantlet (Figs. 2.10, 2.11). 

Geneva and Epsilon produced higher number of stomata on their upper leaves grown on 

semi-solid medium.  However, Jefferson had more stomata in leaves at the top in 

plantlets grown in the LIS vessel. HF-16 was observed to produce the highest average 

number of stomata on the bottom leaves of plantlets grown in LIS vessels.  

2.4 Discussion 

Conventional methods of hazelnut micropropagation using semi-solid medium is 

laborious, time-consuming and not very efficient for mass multiplication. TIS, RITA® 

system has proven useful for the propagation of Italian hazelnut cultivar (Caboni et al., 

2009). However, LIS has not yet been developed for mass propagation of hazelnut. The 

development of liquid based multiplication system requires the establishment of clean 

cultures free of microbial contamination and subsequent growth of isolated nodal 

explants in LIS vessels.  The major objective of this study was to evaluate the potential of  
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Fig. 2.7. Comparison of (a) Number of shoots (b) Number of nodes (c) Shoot height (d) 
Multiplication rate (e) Leaf area (f) Chlorophyll a and (g) Chlorophyll b of hazelnut 
cultivars, Epsilon, Jefferson, Geneva and HF-16 in LIS supplemented with 460 µM of 
FeEDDHA in basal DKW medium after eight weeks of culturing. Columns with the same 
letter indicate no significant difference (P<0.05). 
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Fig. 2.8. Growth performance of hazelnut cultivars on semi-solid medium after eight 
weeks of culture (a) Geneva (b) HF-16 (c) Epsilon and (d) Jefferson on DKW medium 
containing BA (17.6 µM) and GA3 (0.29 µM) and supplemented with 460 µM of 
FeEDDHA in basal DKW medium. 

 

 

 

Fig. 2.9. Growth performance of hazelnut cultivars in LIS after eight weeks of culture (a) 
Geneva (b) Jefferson (c) Epsilon and (d) HF-16 on DKW medium containing BA (17.6 
µM) and GA3 (0.29 µM) and supplemented with 460 µM of FeEDDHA in basal DKW 
medium. 
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Fig. 2.10. Stomatal density on top and bottom leaves of four hazelnut cultivars grown on 
semi-solid and temporary immersion system. Columns with same letter indicate no 
significant difference (P<0.05). 
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Fig. 2.11. Representative stomata densities of top positioned leaves in the four cultivars 
(a) Geneva (b) HF-16 (c) Epsilon and (d) Jefferson of hazelnut grown in LIS. 
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LIS for mass multiplication of hybrid hazelnut (Corylus sp.) cultivars, to optimize iron 

concentrations and sources for this system, and to compare the performance of four 

commercially promising cultivars to assess the influence of genotypic variability in 

regard to micropropagation. 

Satisfactory surface sterilization of explants proved to be challenging due to frequent 

instances of contamination. About 3-5% of mid-May collected buds were discarded due 

to contamination. Immersion of buds in 70% ethanol for 1 min followed by 20 min of dip 

treatment in commercial bleach was helpful in reducing the contamination. 

Approximately, 15% and 30% of buds sprouted in the medium with and without 

antibiotics, respectively. Diaz-Sala et al. (1990) and Yu and Reed (1995) also reported 

similar results in which only 20-30% of single bud explants from mature branches 

(without cold treatment) sprouted and had a poor survival rate. In contrast, in the current 

study, plantlets remained healthy after transfer to semi-solid and liquid multiplication 

medium. Bud sprouting was as high as 68% as reported by Gao et al. (2008) for Kuixiang 

cultivars on DKW medium from buds collected in mid-May. However, such variation 

may be due to genotypic and physiological factors. 

The most common iron supplement in the growth media are typically the inorganic salts 

of iron such as FeSO4. However, it usually combines with other micronutrients and 

precipitates (Dalton et al., 1983), which makes it unavailable to the plants leading to poor 

growth and development due to iron deficiency. Nas and Read (2001) found that iron 

supplement provided in the chelated form as FeEDTA did not produce chlorotic 

symptoms in hazelnut leaves as in case of FeSO4. Typically, commercial DKW basal salt 

is widely used in preparation growth media. It contains FeSO4 and Na2EDTA in 
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equimolar concentrations of 121 µM, which are largely believed to combine and form 

chelated form of iron, FeEDTA (Singh and Krikorian, 1980). EDTA is a strong chelator 

of iron (George, 2008) and it is important to have in equimolar concentrations else excess 

of EDTA may limit the availability of other divalent cations (Singh and Krikorian, 1980). 

The iron content in commercial DKW is not optimal for micropropagation of hazelnut 

and additional supplement of iron is usually required (Yu and Reed, 1993; Damiano et 

al., 2005; Bacchetta et al., 2008). FeEDTA is an unstable molecule that has been reported 

to undergo photodegradation leading to the generation of toxic formaldehyde, which 

limits the use of FeEDTA at higher concentrations (Vander Salm et al., 1994; Shibli et 

al., 1997; Hangarter et al., 1991). Plants grown in excess FeEDTA developed chlorosis 

and underwent hyperhydration (Wik et al., 2006). For these chlorotic plants, a 

supplement of iron via FeEDDHA was reported to reverse the symptoms. FeEDDHA is 

also a chelated form of iron, which is a more stable than FeSO4 and FeEDTA (Van der 

Salm et al., 1994). It is now a widely preferred source of iron supplement for 

micropropagation of various species. Antonopoulou et al., (2007) reported that the 

explants in the presence of FeEDDHA produced plantlets with greener leaves and higher 

chlorophyll a and b content compared to those raised on FeEDTA medium, where 

chlorosis was often observed. Application of FeEDDHA restored the green color in 

chlorotic leaves of soybean and had a long-lasting effect in both soilless (Garcia-Marco et 

al. 2006) and field conditions (Schenkeveld et al., 2010). In this study, additional iron 

supplement was provided via FeEDDHA in CDKW and MDKW at various 

concentrations. Geneva explants failed to regenerate in absence of iron supplement in 

MDKW medium without addition of FeEDDHA. However, regeneration was observed in 
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case of CDKW medium even without addition of FeEDDHA, which is likely due to 

presence of FeSO4/Na2EDTA at 121 µM concentration (Fig. 2.3). Addition of FeEDDHA 

at minimal 230 µM further increased the number shoot regeneration from explants in 

both the media types. Further increase in FeEDDHA concentration in MDKW medium 

showed a declining trend in shoot regeneration, which was not observed in case of 

CDKW medium. FeEDDHA at 460 µM in CDKW medium produced maximum number 

of shoots per explant. Addition of FeEDDHA also promoted the shoot height and number 

of nodes with the increase in concentration up to 460 µM in both the media types. The 

explants in CDKW medium had slightly higher proliferation than in the MDKW medium, 

which may be due to iron availability from two different sources. However, further 

increase in concentration of FeEDDHA to 575 µM retarded the shoot height and number 

of nodes in both the media types (Fig. 2.3b-c). The reduction in shoot height was more 

profound in case of MDKW compared to CDKW medium. Iron uptake study indicates 

higher iron content in the plantlets grown in CDKW medium compared to MDKW 

medium up to 460 µM of added FeEDDHA, which is likely the reason for an overall 

better growth performance observed (Fig. 2.4). In case of plantlets grown in MDKW 

medium, iron content was lower compared to the plantlets grown in CDKW medium up 

to 460 µM of added FeEDDHA. Interestingly, a reciprocal relationship was observed 

between number of shoot regeneration and shoot height in case of plantlets grown in 

MDKW medium. Lower iron content in plantlets grown on MDKW medium could be the 

cause of this reciprocal correlation, which may be due to the preferential partitioning of 

available iron for shoot elongation rather than number of shoot generation. FeEDDHA 

supplementation at 575 µM reduced the shoot height and number of nodes in both the 
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media types (Fig. 2.3b-c). At 575 µM of FeEDDHA, plantlets grown in MDKW medium 

showed a much higher accumulation of iron compared to CDKW, which may have 

caused toxicity in plantlets and stunted the growth. A higher iron accumulation in leaves 

was also evident from the biochemical staining for iron, which showed large reddish-

brown iron aggregates irregularly distributed in the leaves (Fig. 2.5). Similar observation 

of shoot growth inhibition was also reported by Trejgell et al. (2012) in Carlina 

onopordifolia after a 2-fold increase in FeEDDHA concentration. According to 

Meneghini (1997), the abundance of iron in biological systems, causes oxidative stress in 

the Fenton-type reaction, thereby generating the highly reactive hydroxyl ions that can 

cause serious damage to organic molecules. Higher iron supply not only causes the 

cytotoxicity but may also inhibit the uptake of other micronutrients that leads to nutrient 

deficiency and retarded growth (Batty and Younger, 2003). Addition of FeEDDHA at 

575 µM also inhibited the shoot height and number of nodes in CDKW medium. Unlike 

MDKW, plantlets grown in CDKW medium at 575 µM did not accumulate unusual 

amount of iron in the leaves (Figs. 2.4 and 2.5). The cause of stunted growth is likely the 

presence of overall higher amount of chelating agent FeEDDHA and FeSO4/Na2EDTA 

combined, which may chelate other micronutrients or cause toxicity. However, iron 

supplements provided in combination of two distinct sources at moderate level has been 

reported to provide better proliferation than an individual source. In roses, iron 

supplements by two different organic sources increased shoot length and eliminated 

chlorosis (Van der Salm et al., 1994). Castillo et al. (1997) also reported an increase in 

the number of axillary shoots and in chlorophyll content in Carica papaya cultures when 

iron was provided using a combination of FeEDTA and FeEDDHA compared to 
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individual iron sources at the same concentration. In this study, addition of FeEDDHA at 

460 µM in CDKW medium provided optimal growth condition for Geneva explants; 

hence it was used for subsequent experiments. 

In many cases micropropagation protocols are genotype specific, and need to be tested on 

a range of cultivars. In the present study, growth performance of four cultivars of 

hazelnut was assessed on conventional semi-solid medium and in the temporary 

immersion system. The influence of the physical state of the medium had significant 

effect on the multiplication rate (Wawrosch et al., 2005). All four hazelnut cultivars 

performed well in LIS on DKW basal medium supplemented with FeEDDHA iron 

concentration (460 µM) and produced healthy plantlets. TIS produced significantly better 

results than gelrite solidified medium. LIS effectively increased the shoot height by 

nearly two fold, number of shoots by 1.5-fold with over twice the multiplication rate and 

thrice the leaf area as compared to the semi-solid medium for all four cultivars tested 

except Jefferson. Jefferson did not show a significant enhancement in multiplication rate, 

however, a significant increase in shoot height was observed. Nas and Read (2001) also 

observed increased shoot lengths and leaf areas of hazelnut plantlets on conventional 

liquid medium. However, they did not observe any improvement in multiplication rate in 

their hazelnut cultivar. In the present study, the best multiplication rate was observed for 

HF-16 and was lowest for Jefferson. Similar effects of TIS using RITA® system on shoot 

multiplication and shoot length of hazelnut cultivar was also observed by Caboni et al., 

(2009). TIS also had similar advantage on multiplication of pear (Damiano et al., 2002) 

and rubber (Etienne et al., 1997). 
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Improved shoot length and leaf area could be the result of a better availability of nutrient 

and growth regulators and higher relative humidity all of which remain limited in the 

solid culture system (Nas and Read, 2001). Also, potential uptake of growth medium by a 

larger surface area of plant and enhanced gas exchange may also be a reason for better 

multiplication rate in TIS. Stewart et al. (1952) hypothesized that the increase in growth 

of shoots is a result of improved oxygen supply in alternate submersion and exposure. 

Harris and Stevenson (1982) have provided an alternative theory that the increased 

growth is an effect of reduced toxic substances that buildup in the explant. In the TIS 

system, toxic substances are consistently exposed to liquid medium thereby reducing 

their concentration around the explant.     

Culture in the LIS increased the chlorophyll content compared to the semi-solid culture 

system. Similarly, increased content of chlorophyll and carotenoids in TIS at optimised 

immersion times was observed in Prunus and Malus (Damiano et al., 2005). According 

to Zoybayed et al. (2001), growth, development and chlorophyll content are reduced in 

the closed vessel without any air exchange. In case of TIS, forced ventilation and refilling 

provides enhanced oxygen and carbon dioxide for aerobic respiration and photosynthesis 

without building up ethylene in the vessel. The exchange of gases could be a factor for 

increased growth rates of plants (Jackson, 2002). 

Micropropagation techniques can significantly affect the functioning of stomata 

(Hazarika, 2006). In tissue culture conditions, stomata often become non-functional and 

remain open. Water-loss from open stomata may contribute to plantlet desiccation upon 

transfer to in vivo conditions (During and Harst, 1996). According to Venora and 

Calcagno (1991), stomatal area measurements can be utilized to screen genotypes that 
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can achieve high yields. Importance of stomata study is not limited to determine the 

success of micropropagation but also proven to be a valuable tool in the identification of 

the plant based on foliar epidermal morphology (Yasmin et al., 2010). In this study, no 

specific pattern in the stomatal distribution or dimensions was observed with respect to 

the position of leaf in the plantlets or within cultivars. No significant difference in three 

hazelnut cultivars, Barcelona, Tonda di Giffoni and Tonda delle Langhe, were recorded 

for stomatal characteristics (Grau and Sandoval, 2008).  

Conclusion: An efficient micropropagation protocol was developed using LIS for 

hazelnut cultivars by optimizing the source and the concentration of iron supplements. 

Hazelnut cultivars had better growth performance in an iron enriched medium. Iron 

supplements provided by combining two different sources was advantageous compared to 

a single source. Growth performance of four different cultivars of hazelnut was assessed 

in both conventional semi-solid and LIS. All cultivars performed well in LIS and 

produced healthy plantlets that can be established in the greenhouse. This protocol of 

rapid multiplication of hazelnut plantlets in iron enriched liquid medium can facilitate a 

continuous supply of elite germplasm.  
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Chapter - 3: Effect of various additives on the growth performance of hazelnut 

(Corylus sp.) plantlets in Liquid LabTM Rocker temporary immersion bioreactor 

system 

Abstract: Improvement in micropropagation of hazelnut is necessary to facilitate field 

trials and commercial production. The efficiency of the two antioxidants, melatonin and 

ascorbic acid and two adsorbents, activated charcoal and Polyvinylpolypyrolidone 

(PVPP) were evaluated for their effect on shoot proliferation in the Liquid LabTM 

temporary immersion bioreactor system (LIS). Melatonin at all concentrations and 

ascorbic acid at 100 and 200 µM promoted the number of shoots regenerated. Ascorbic 

acid at the concentration of 25 and 50 µM also increased shoot length as compared to 

control. PVPP at 0.1% effectively increased shoot length and shoot proliferation, 

however, higher levels had a negative effect on both the parameters. Activated charcoal 

above 0.05 % had inhibitory effect on in vitro growth and development. At 0.05 % 

activated charcoal induced shoot elongation, but reduced the shoot number compared to 

control.  
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3.1 Introduction 

Several studies have attempted to optimize multiplication medium for hazelnut. However, 

it still remains a challenge to achieve a sufficient rate of multiplication. A number of 

factors that affect growth and multiplication rate of woody plants in tissue culture are 

phenolic exudates, oxidative stress, and physiological maturity/ageing of tissues at 

various stages of culture. Plants under oxidative stress produce several kinds of free 

radicals such as singlet oxygen, superoxides and peroxides. The uncontrolled production 

of these reactive species damages the cellular components and results in the formation of 

toxic substances (Benson, 2000). Free radicals are produced during normal metabolic 

activity. However, these free radicals are strongly regulated and neutralized to safe level 

by defensive antioxidant mechanisms. In plants, the antioxidant defense mechanisms 

include non-enzymatic and enzymatic antioxidants. The major non-enzymatic antioxidant 

components in plants include ascorbate, reduced glutathione, α-tocopherol and 

carotenoids, whereas major antioxidant enzymes include superoxide dismutase, catalase 

and peroxidase. The concentration of antioxidant compounds and enzymes constitute an 

important mechanism to overcome oxidative stress (Foyer et al., 1994). Exogenous 

application of antioxidants to plant cultures can be beneficial in stimulating 

morphogenetic responses and ameliorating deleterious effects of oxidative stress (Joy et 

al., 1988). 

Over the last decade, the importance of phenolics in tissue culture has gained significant 

attention.  Plants produce several types of phenolics that vary depending upon species, 

age and environmental conditions. Phenolics are synthesized via the phenylpropanoid  

pathway and are involved in several important roles such as lignification, secondary wall 
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thickening, defense against pathogens and the development of flower color and flavor 

(Antonova et al., 2011). In tissue culture medium, wounded and stressed tissues release a 

variety of phenolic compounds. These phenolic compounds may further be converted into 

highly reactive quinones by polyphenol oxidase in the presence of oxygen. Quinone non-

specifically binds to the proteins and produces dark pigments such as melanin (Leng et 

al. 2009). Phenolics are also released by plants in response to the stress induced by media 

components such as high concentration of sucrose and low nitrogen content as reported in 

case of establishment of suspension cultures of guayule (Trautmann and Visser, 1991).  

A number of manipulations in culture media have been tried to reduce or eliminate the 

deleterious effect of stresses on explants during culture. According to Benson (2000), 

liquid media and frequent subculturing can reduce phenolic oxidation. Addition of 

compounds with antioxidant activity such as citric acid and ascorbic acid, and those 

compounds that adsorb phenolic compounds such as polyvinyl pyrolidone (PVP) and 

activated carbon have been successfully used in some species to alleviate stress- and 

phenolic-related oxidation and improve regeneration of explants (Toth et al., 1994; 

Uchendu et al., 2011). Activated charcoal, polyvinyl polypyrolidone (PVPP) and 

antioxidants are commonly used treatments to prevent tissue blackening and auto-

oxidation (Bhardwaj and Ramawat, 1993; Shahidi and Janitha, 1992; Abdelwahd et al., 

2008).  

In the current study, it was hypothesised that the addition of antioxidants and absorbents 

would increase the efficiency of the established temporary immersion micropropagation 

protocol for hazelnut by reducing the oxidative stress caused by phenolics or free 

radicals. The objective of this study was to evaluate the effect of several commonly used 

http://www.ncbi.nlm.nih.gov/pubmed?term=Bhardwaj%20L%5BAuthor%5D&cauthor=true&cauthor_uid=8270286�
http://www.ncbi.nlm.nih.gov/pubmed?term=Ramawat%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=8270286�
http://www.ncbi.nlm.nih.gov/pubmed?term=Ramawat%20KG%5BAuthor%5D&cauthor=true&cauthor_uid=8270286�
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additives in the medium on the frequency of shoot development, number of nodes, shoot 

height and accumulation of chlorophyll a and b in cultures grown in the Liquid LabTM 

temporary immersion bioreactor system (LIS).  

3.2 Materials and methods 

Chemicals 

Melatonin, ascorbic acid, BA and GA3 were purchased from Sigma Chemical Co. 

(Sigma-Aldrich, St. Louis, MO), activated charcoal (AC) and PVPP from Fisher 

Scientific (Fisher Scientific Inc., Ottawa, ON) and Driver and Kuniyuki walnut medium 

(Driver and Kuniyuki, 1984; D190) from PhytoTechnology Laboratories, Lenexa, KS, 

USA. 

3.2.1 Plant material and culture conditions 

Hazelnut cultivar HF-16 was used in this growth performance study using various 

additives (activated charcoal, PVPP, melatonin and ascorbic acid). Nodal segments from 

LIS established in vitro shoots were used as explant. Nodal explants were transferred to 

regeneration medium composed of DKW basal salts supplemented with glucose (3%), 

BA (17.6 µM), GA3 (0.29 µM), IBA (0.014 µM) and optimized iron concentration (460 

µM FeEDDHA) as discussed in Chapter 2. Efficacy of four additives including two 

antioxidants, melatonin and ascorbic acid at the concentrations of 0, 25, 50, 100 and 200 

µM; and two adsorbents, activated charcoal and PVPP at the concentrations of 0, 0.05, 

0.1, 0.3 and 0.6% (w/v) were investigated. Melatonin and ascorbic acid stock solutions 

were filter sterilized and the pH was adjusted before adding them into the autoclaved 

basal medium. Cultures were maintained on Liquid LabTM rocker temporary immersion 
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bioreactor system (Southern Sun BioSystems, Inc. Hodges, SC) at 22oC with 16 hr 

photoperiod (10-15 µmol m-2 s-1). The speed of the rocker was set to 30 sec/cycle thereby 

immersing the explants for an interval of 25 sec between each cycle. This experiment was 

conducted in a completely randomized design with four Liquid LabTM temporary 

immersion bioreactor (LIS) vessels for each treatment containing seven nodal segments 

of 4-5 nodes each. This experiment was repeated twice. Observations were recorded on 

number of shoots, average number of nodes/shoot and average shoot height (in mm) after 

eight weeks of culture. The number of the explants that survived was also recorded to 

calculate the survival rate ((number of explants survived/number of explants cultured) x 

100). 

3.2.2 Chlorophyll content  

100-250 mg of fresh leaf tissue from each replicate (total four replicates) of each 

treatment were weighed and cut into small pieces. The chopped leaves were dipped in 8 

ml of 95% of ethanol for 48 h at 4ºC in dark. Absorbance of the supernatants were 

measured on a Beckmann Coulter DU-800 spectrophotometer at 664 and 648 nm against 

95% ethanol as blank. Total chlorophyll content i.e. Chlorophyll a and b was calculated 

using following formula as given by Lichtenthaler et al. (2001). 

Ca (µg/ml) = 13.36 A664.1  - 5.19 A648.6 

Cb (µg/ml) = 27.43 A648.6  - 8.12 A664.1 

Statistical analysis: All experiments were conducted using a completely randomized 

design and statistical analyses were done using one-way ANOVAs. All statistical 

analyses were conducted using GraphPad Prism version 5 for Windows. Means were 
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compared using Tukey’s test (P< 0.05). The data are presented as means ± standard error 

and different letters in the figures indicates significant difference at P<0.05. 

3.3 Results  

Survival Rate: Over 99% survival rate of explants were observed in media containing 

melatonin, ascorbic acid or PVPP at all given concentrations. Increasing concentrations 

of activated charcoal exhibited poor survival rate (Fig. 3.1). Activated charcoal at 0.1% 

(w/v) and higher concentration had an inhibitory effect on the survival rate of explants. 

Plant growth parameters were recorded only for 0.05% (w/v) activated charcoal as the 

survival rate for higher concentrations was very low. 

Number of shoots: Addition of melatonin as low as 25 µM significantly increased the 

number of shoots (5.5±0.4) (Fig. 3.4b) compared to the control (3.0±0.2, Figs. 3.2, 3.4a). 

A further increase in melatonin concentration up to 200 µM did not have any beneficial 

effect on the shoot number (Fig. 3.4b,c,d). Media supplemented with ascorbic acid (over 

25 µM) also showed a positive response in the number of shoots, however, the best 

results were obtained with 200 µM (Fig. 3.4h). Addition of PVPP up to 0.1% (w/v) 

showed better response in regard to the number of shoots, thereafter an increase in PVPP 

showed a diminishing trend. PVPP at 0.6% (w/v) (Fig. 3.4m) significantly reduced the 

number of shoots compared to 0.1 % (w/v) (Fig. 3.4k). In general, activated charcoal had 

a stronger inhibitory effect than PVPP. At 0.05% (w/v) activated charcoal, a significant 

reduction in the number of shoots (1.14±0.1) was observed compared to the control.   

Shoot height: Melatonin at all concentrations tested (25 – 200 µM) had no significant 

effect on shoot height. Ascorbic acid significantly increased the shoot height at 25 µM  
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Fig. 3.1. Survival rate of HF-16 explants at different concentrations of activated charcoal 
in LIS. Columns with same letter indicate no significant difference at P<0.05. 
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Fig. 3.2. Effect of various concentrations of antioxidants and additives on the average 
number of shoots of HF-16 explants grown in LIS after eight weeks of culture. Columns 
with the same letters indicate no significant difference at P<0.05. 
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(50.7±3.1 mm) and 50 µM (51.5±2.9 mm) compared to higher levels and control (36 ± 

1.9). A further increase in ascorbic acid concentration reduced the shoot height to a 

similar level as control (Fig. 3.3). The only concentration of activated charcoal tested 

(0.05%) produced significantly longer shoots with a mean height of 51.3±3.2 mm.  

Number of nodes: No significant difference in the number of nodes between the 

treatments and control were observed except PVPP (0.6% w/v) which significantly 

reduced number of nodes compared to control. 

Chlorophyll content: Addition of antioxidants or adsorbents did not show any 

significant effect on chlorophyll content.  

3.4 Discussion 

This study was conducted with the objective to investigate the effect of antioxidants and 

growth additives on the growth parameters of hazelnut cultivar, HF-16 in LIS. Beneficial 

effects of LIS on hazelnut cultivars have already been established (as discussed in 

Chapter 1). However, the number of shoots proliferated were limited (approx. 3/explant) 

on DKW medium with an optimized iron source. With the aim to further increase the 

multiplication rate, two different antioxidants, melatonin and ascorbic acid; and two 

adsorbents, PVPP and activated charcoal were tested using the standard protocol 

developed for shoot proliferation previously (Chapter 2).     

Growth of woody plants in vitro is influenced by many factors such as medium 

composition, plant exudate and type of culture system. Organic and inorganic compounds 

often leach out from the stems and leaves of woody plants (Parker, 1983). These 

compounds may include sugar, alcohols, organic acids, pectic compounds, alkaloids and  
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Fig. 3.3. Effects of various concentrations of antioxidants and adsorbants on average 
shoot height of HF-16 explants in LIS after eight weeks of culture. Columns with same 
letter indicate no significant difference at P<0.05.  
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Fig. 3.4. Growth performances of hazelnut cultivar HF-16 on control, antioxidants and 
adsorbants containing media after eight weeks of culture in LIS.  
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phenolic compounds. Plants usually secrete phenolic compounds that are essential 

components of their defense mechanism (Ndakidemi and Dakora, 2003).  However, in 

cultures raised in vitro, these secreted phenolic compounds can retard the growth of the 

plant (Kefeli et al., 2003). Production of phenolic compounds was also reported in 

hazelnut (Yu and Reed, 1995) during the establishment stage which led to tissue 

browning. Sugano et al., (1975) reported the presence of caffeic acid, ferulic acid and p-

OH-benzoic acid in cell suspensions of Daucus carota. The amount and the type of 

compounds leaching out depends on the species and environmental conditions (Lux-

Endrich et al., 2000). According to Chamandoosti (2010) and North et al. (2012), 

phenolic exudation also depends upon the media composition. Addition of substances 

such as PVP, activated charcoal, citric acid, ascorbic acid, thiourea, L-cysteine, 

glutamine, aspargine, argenine or frequent subculturing can reduce the negative effects of 

stress caused either by free radicals or oxidation of phenolics (Rout et al., 1999; Pierik., 

1997, Payghamzadeh, 2010).  

Exogenous application of antioxidants to plant culture media is used to stimulate 

morphogenetic responses and reduce the deleterious oxidative stress (Joy et al., 1988).  In 

the current experiment, melatonin at all given concentrations, and ascorbic acid at 100 

and 200 µM were effective in increasing the shoot number as compared to the control. 

Ascorbic acid at lower concentrations (25 µM and 50 µM) promoted shoot elongation. 

Similar effects were also noticed in the case of ginseng cultures where addition of 

melatonin or ascorbic acid increased shoot proliferation up to 12 shoots per node in a LIS 

(Uchendu et al., 2011).  
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Melatonin is a strong antioxidant (Tan et al., 2012; Maldonado et al., 2007) and far more 

powerful than vitamin C in protecting tissue from harmful effects of free radicals 

(Poeggeler et al., 2002; Cano et al.,2003). Giridhar et al. (2009) reported an increase in 

shoot multiplication and proliferation with an exogenous supply of serotonin and 

melatonin to Mimosa pudica nodal explants. Melatonin also promoted vegetative growth 

in etiolated lupin (Lupinus albus L.) hypocotyls in a similar manner as Indole-3-acetic 

acid (IAA) (Hernandez-Ruiz and Arnao, 2008). According to Murch et al. (2001), 

melatonin is a potential growth regulator that can alter auxin-induced root and cytokinin-

induced shoot organogenesis by the exogenous application or the addition of melatonin 

transporter inhibitors.  

According to Arrigoni (1994), high endogenous levels of ascorbic acid are correlated 

with intense growth period in canola. In the same study, application of antioxidants 

increased proliferation, photosynthetic pigments, proline, soluble sugars, N, K and P 

contents, while decreasing Na and Cl contents in canola plant during the second growing 

season. Similarly, Arab and Ehsanpour (2006) also observed an increase in the activity of 

acid phosphates, chlorophyll content, Na and K content in alfalfa. In contrast, no 

significant differences in chlorophyll content were observed in this study.  

Ascorbic acid (100 mg/l) was proven to be better for multiple shoot induction and overall 

growth of Tylophora indica (Sharma and Chandel, 1992). Vengadesan (2002) found that 

among the ascorbic acid, citric acid, activated charcoal and PVP tested, ascorbic acid was 

most effective in supporting axillary shoot proliferation in A. nilotica, A. senegal, A. 

mangium and A. catechu. In Sorghum bicolor, addition of ascorbic acid to the medium 

was effective in preventing the exudates and resulted in higher frequency of healthy shoot 
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regeneration (Baskaran and Jayabalan, 2005). Ascorbic acid effectively reduced the 

exudation of phenolic compounds by scavenging endogenous H2O2 (Arrigoni, 1994). 

Ascorbic acid is an apoplast antioxidant component and proven peroxidase inhibitor in 

vitro (Takahama and Oniki, 1994). According to Fry (1986), accumulation of phenolic 

substances and their cross-linkage by apoplast peroxidase using H2O2 causes the 

stiffening of the cell wall, which retards growth. Ascorbic acid may react with the 

phenoxy radicals more readily than their reaction with each other and enhance root 

elongation in Allium (Cordoba-Pedregosa et al., 1996; De Tullio et al., 1999).  

Exogenous application of ascorbic acid promoted the callus regeneration and also 

increased the plant regeneration from flax cultivar (Grauda et al., 2009). According to  

Liso et al. (1984), ascorbic acid may be required for the regulation of cell cycle. As the 

ascobate pool in the meristems diminishes, cells get arrested in the G1 phase. Addition of 

exogenous L-Ascorbic acid stimulated the cells of the quiescent centre to re-enter into the 

cell cycle and increased the rate of proliferation (Kerk and Feldmann, 1995). Bud break 

can also be promoted by removal of free radicals from the dormant bud, which occurs 

through a series of oxidation-reduction reactions (Wang and Faust, 1988; Dalton et al., 

1987). 

Activated charcoal has a large surface area due to presence of fine pores, which increases 

its adsorption capacity (Baker et al., 1992). The beneficial effect of activated charcoal in 

plant tissue culture is associated with adsorption of unwanted phenolic compounds that 

may retard plant growth. Some authors believe that activated charcoal releases some 

naturally occurring substances along with adsorbed components back into the medium, 

which promotes the growth of plants (Johansson et al., 1990). Beneficial effects of 
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activated charcoal in micropropagation have been noted by many authors (Dobranszki et 

al., 2010). Addition of activated charcoal at 50 mg/l reduced the phenolic content in the 

growth medium and significantly increased the shoot proliferation in ginseng (Uchendu 

et al., 2011). In sorghum, activated charcoal increased the survival rate of immature 

somatic embryos from 29% to 80% (Nguyen et al., 2007). Similarly, over 90% of 

raspberry explant survived when supplemented with 0.25 g/l activated charcoal in a shoot 

tip culture (Wang et al., 2005). In case of Acacia, micropropagation from nodal segments 

using 2 g/l activated charcoal produced significantly higher percentage of elongated 

shoots and reduced callus induction. In yam, addition of activated charcoal at the rate of 2 

g/l induced regeneration of 98-100% the nodal cutting (Borges et al., 2004).  

In contrast, activated charcoal above 0.05% (w/v) strongly reduced the survival rate of 

hazelnut (cultivar: HF-16) nodal explants in this study. Even at lower levels of 0.05% 

(w/v), activated charcoal enhanced the shoot elongation but significantly reduced the 

number of shoots that developed. Similar negative effects of activated charcoal in 

micropropagation have previously been reported in a variety of other species. In 

Gymnema sylvestre, addition of activated charcoal reduced the number of shoots 

(Komalavalli and Rao, 2000). In Eucalyptus citriodora, activated charcoal increased the 

shoot length as well as leaf size while shoot proliferation was reduced (Ahuja, 1985). 

Similarly, addition of activated charcoal suppressed the bud sprouting from shoot nodes 

while promoting the shoot elongation in cashew (Boggetti et al., 1999). However, shoot 

regeneration was completely inhibited in case of Vigna radiata on addition of 0.5 g/l of 

activated charcoal (Tivarekar and Eapen, 2001). The reduced shoot development 

observed in the current study may be related to the ability of AC to adsorb the growth 
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regulators, making them unavailable to the growing shoot (Preil and Engelhardt, 1977). 

Ebert and Tylor, (1990) investigated the effect of 0.025 g/l of activated charcoal in liquid 

and solid medium supplemented with 10-4 M 2,4-Dichlorophenoxyacetic acid (2,4-D) and 

found that 99.5% of 2,4-D was adsorbed in the liquid medium within 5 days whereas, 

adsorption was greatly reduced in solid medium. Similar results were also obtained with 

Benzylaminopurine (BA), less than 2% of the original 11.3 mg/l BA remained in the 

gelled medium after 3 days of culture (Ebert et al., 1993). Activated charcoal can also 

adsorb FeEDTA, pyridoxine, folic acid and nicotinic acid in a two-phase medium almost 

completely within 24 hr (Johansson et al., 1990). Several authors have suggested that 

such effect of activated charcoal may arise due to adsorption of hormones and other key 

components from the growth medium, which causes a deleterious effect in some species. 

In such species, including hazelnut, addition of activated charcoal should be avoided at 

the early stages of proliferation or its concentration should be carefully optimized. 

Alternatively, concentration of certain key components of medium such as hormones, 

vitamins and other micronutrients should be supplied in excess to avoid their limited 

availability in the presence of activated charcoal.  

PVPP is a widely used adsorbent added to growth medium that absorbs phenolic exudates 

from healthy plants as well as deteriorating plantlets. Insoluble PVPP donates hydrogen 

atoms and can react with such released compounds to form stable harmless compounds 

(Lagrimini, 1991).  PVPP has long been used as dip treatment or added to the medium to 

remove phenolics that are exudated by the explant. Beneficial effects of PVPP in the 

hazelnut culture can likely be attributed to its ability to remove polyphenols by formation 

of a complex (Loomis and Battaile, 1966). PVPP has been widely used to inhibit 
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browning by removing the phenolic compounds during micropropagation in many plant 

species (Preece and Compton, 1991). PVPP has also been proven to be effective in anther 

culture of Dutura (Babbar and Gupta, 1982) and protoplasts (Saxena and Gill, 1986; 

Ochatt, 1991). Addition of PVP in MS medium supplemented with B5 vitamins, 

inorganic additives (AgNO3) and plant growth regulators enhanced the regeneration and 

reduced phenolic exudation in sorghum tissue culture (Vasudevan et al., 2008). Similarly, 

shoot proliferation in jojoba was enhanced by addition of PVP (Prakash et al., 2003). In 

teak, multiple shoots were formed only from the explants treated with 0.7% Polyclar AT 

(insoluble PVP) (Gupta et al. (1980). It is believed that the addition of PVP helps in 

oxidising polyphenols leached into the medium and promotes organogenesis (Rout et al., 

2006). 

Conclusions 

A significant improvement in the in vitro growth of the hazelnut cultivar (HF-16) was 

obtained in LIS by the inclusion of antioxidants. Melatonin at all concentrations and 

ascorbic acid at the concentration of 100 and 200 µM, resulted in enhanced shoot 

proliferation. The addition of PVPP at a concentration of 0.1% (w/v), also increased the 

shoot proliferation from the nodal explants. However, activated charcoal above 0.05% 

(w/v) had deleterious effect on the explants. Even at 0.05% (w/v) concentration, the 

addition of activated charcoal had inhibitory effect on the shoot proliferation even though  

it increased the shoot elongation. Thus, supplementation of hazelnut growth medium with 

antioxidants is recommended for optimum proliferation, while the use of adsorbants 

requires careful assessment.    
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Chapter 4:  Effect of salicylic acid and acetylsalicylic acid on the growth and 

proliferation of hazelnut plantlets in vitro 

Abstract 

In this study, effects of salicylic acid (SA) and acetylsalicylic acid (ASA) were assessed 

on growth parameters of hazelnut nodal explants (cultivar: HF16). These two treatments 

were given in the presence and absence of ethylenediamine bis(2)-hydroxyphenylacetic 

acid-iron salt (FeEDDHA) and 6-benzylaminopurine (BA). Both ASA and SA had a 

synergistic interaction with BA and in promoting bud break and increasing the number of 

shoots developed. Over 90% of buds regenerated in the presence of BA with ASA as 

compared to 25% in their absence. BA and FeEDDHA also showed a synergistic 

interaction in promoting all the growth parameters assessed. However, the interactions 

between BA x SA/ASA had a stronger influence on promoting growth compared to BA x 

FeEDDHA. Both SA and ASA promoted the shoot height and number of nodes even in 

absence of BA and FeEDDHA. Of the two compounds ASA and SA, the application of 

ASA was superior in promoting shoot regeneration and development. The best 

multiplication rate was achieved using ASA at 10 µM in the presence of BA (17.6 µM).  
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4.1 Introduction 

Salicylic acid (SA) or 2-hydroxybenzoic acid belongs to a diverse group of plant 

phenolics. It is endogenously produced in plants and has been detected in tobacco, 

cucumber, rice, wheat and tomato (Raskin et al., 1992). Salicylic acid has been 

recognized as a potential regulatory compound, that plays several functions in various 

stages of plant development (Raskin,1992) such as seed germination, nodulation (Stacey 

et al., 2006), tuberization (Lopez-Delgado et al., 1998), flowering (Larqué-Saavedra and 

Martin-Mex, 2007) and fruit yield (Klessig and Malamy, 1994; Herrera-Tuz, 2004; 

Larque-Saavedra and Martin-Mex, 2007). SA also acts as a signalling molecule and is 

involved in the expression of specific responses to biotic and abiotic stresses (Hayat and 

Ahmed, 2007; Singh and Usha, 2003). It induces systemic acquired resistance by either 

evoking PR genes (Metraux, 2002) or scavenging reactive oxygen species (Chen et al., 

1993, Vernooij et al., 1994; Durner et al., 1997). Exogenous application of SA was 

observed to reduce/alleviate the toxic effects of heavy metals like cadmium (Ahmad et 

al., 2011), aluminium (Yang et al., 2003), lead and mercury (Mishra and Choudhuri, 

1999). SA treatment prevented chilling-induced increased lipid peroxidation of 

membranes. SA also mitigated the deleterious effects of salinity (Yildirim et al., 2008), 

high temperature and drought (Shi et al., 2008). It inhibited ethylene biosynthesis in pear 

cell suspensions (Leslie and Romani, 1986), jasmonic acid biosynthesis in tobacco (Niki 

et al., 1998) and reversed ABA-induced stomatal closure (Rai et al., 1986). 

Exogenous SA application plays a key role in regulating the growth and productivity and 

may also be used as a growth regulator (Raskin, 1992). Lower concentration of SA has 

been shown to be beneficial in enhancing the growth of plants. Kaydan et al. (2007) 
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reported enhanced seedling emergence, shoot and root dry mass, K+/Na+ ratio, 

chlorophyll a, b, and carotenoid content with the application of SA to wheat kernels prior 

to sowing. In tomato, a 4-fold increase in growth rate as well as significantly higher 

photosynthetic and transpiration rates were observed in SA-treated plants as compared to 

non-treated plants under saline conditions (Stevens et al., 2006). Hussein et al. (2007) 

sprayed SA on foliage of wheat plants and reported an enhanced productivity due to an 

improvement in plant height, number and area of green leaves, stem diameter and dry 

weight of stem, leaves and the plant as a whole.  

The beneficial effects of exogenous application of SA on the meristems of two Hibiscus 

species was observed. In the same study, SA also improved multiplication rate, survival 

rate, in vitro growth and induced salt tolerance in shoot tips of the plants (Sakhanokho 

and Kelley, 2009). SA enhanced somatic embryogenesis has been reported by a number 

of authors (Roustan et al., 1990; Pius et al., 1993; Nissen, 1994; Hutchinson and Saxena, 

1996; Luo et al., 2001, Quiroz-Figueroa et al., 2001 and Hao et al., 2006). 

SA and active SA analogs such as acetylsalicylic acid (ASA), 2,6-dihydroxybenzoic acid 

(2,6-DHBA), 2,6-dichloroisonicotinic acid (INA) and 7-carboxybenzothiadiazole (BTH) 

are well known to stimulate defense response activities. ASA commonly known as 

aspirin, is a close analog of SA. It undergoes spontaneous hydrolysis to form SA and has 

been widely used as it has similar physiological effects as SA. ASA has been effective in 

inducing thermotolerance in potato microplants (Lopez-Delgado et al., 1998). In wheat, 

aspirin treatment was reported to alleviate the effects of drought on plants (Hamada, 

1998). In bean and tomato plants, application of 0.1–0.5 mM SA or aspirin to the seeds 
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enhanced the multi-tolerance capacity against heat, chilling and drought stress in seed 

grown-plants (Senaratna et al., 2000). 

As mentioned in the previous chapter, liquid medium based bioreactor system enhanced 

the multiplication rate in the medium supplemented with 460 µM FeEDDHA. However, 

the multiplication rate remained limited indicating the additional enhancement in the 

efficiency of culture system. The aim of this study was to improve lateral bud 

regeneration and facilitate a higher number of explants for further multiplication using 

growth regulating compounds. With this aim, a study was done to investigate the effects 

of exogenous application of Salicylic acid (SA) and acetyl salicylic acid (ASA) on the 

growth performance of hazelnut using cultivar, HF-16 as a model system.  

4.2 Materials and Methods 

Effects of different concentrations of acetylsalicylic acid (ASA) and Salicylic acid (SA) 

were assessed on the growth of HF-16 in liquid medium. Nodal segments of Liquid 

Lab™ temporary immersion system (LIS) established shoots on Driver and Kuniyuki 

Walnut medium (DKW, Driver and Kuniyuki, 1964) + 6-benzylaminopurine (BA, 17.6 

µM) + gibberellic acid (GA3, 0.29 µM) + 3-indolebutyric acid (IBA, 0.014 µM) and 

optimized iron concentration (460 µM FeEDDHA; as discussed in Chapter 1) were used 

as the plant material in this experiment. 

Liquid regeneration medium (I to IV) with and without 460 µM FeEDDHA and with and 

without BA, as well as both in combination were prepared as shown in Table 1. The pH 

of the medium was adjusted to 5.7 and autoclaved at 121 ºC for 15 min.  Stock solutions  
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Table 4.1. Different media types used to evaluate the effect of Acetylsalicylic acid and 
Salicylic acid on the growth parameters of hazelnut cultivar HF-16z 

Medium Type Supplement Medium composition 

I None Basal DKW medium  

II FeEDDHA only Basal DKW medium + FeEDDHA (460 µM) 

III BA only Basal DKW medium + BA (17.6 µM) 

IV BA + FeEDDHA Basal DKW medium + BA (17.6 µM) + 
FeEDDHA (460 µM) 

zEach medium type was further supplemented with varying concentrations of Aspirin (0, 
5, 10 and 15 µM) and salicylic acid (0, 0.1, 1, 2 and 5 µM). 
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of SA and ASA (1 mM) were adjusted to pH 5.7 and filter sterilized using membrane 

filter (0.22 µm). Appropriate volumes of filter-sterilized stock solution were added to the 

cooled autoclaved media in a sterile environment to make the various final concentrations 

of ASA (0, 5, 10 and 15 µM) and SA (0, 0.1, 1 and 5 µM) as individual treatments.  

Nodal explants with 7 nodes each were transferred into the 250 ml flasks containing 20 

ml of medium for each treatment. Cultures were maintained on shakers at 110 rpm in a 

culture room at 22oC with 16 hr photoperiod (35-40 µmol m-2 s-1). Each treatment had 5 

replicates with 3 explants each and experiment was repeated twice. Media were changed 

in two week intervals and observations were taken on average number of shoots per 

explant, average shoot height (mm), average number of nodes per shoot and percentage 

of bud regenerated after six weeks of culturing. Multiplication rate was calculated by 

multiplying number of shoots by the number of nodes.  

Statistical analysis: The experiment was completely randomized and analysis was 

performed using GraphPad Prism version 5. The interaction effects were evaluated using 

factorial designs (2x4 and 2x2). The interactions were statistically analysed by two-way 

ANOVA and means within each treatment were compared using Tukey’s test (P< 0.05). 

The data are presented as means ± standard errors of means and different letters in figures 

indicate significant difference at P<0.05. 
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4.3 Results 

4.3.1 Effect of acetyl salicylic acid in micropropagation of hazelnut cultivar, HF-16 

Growth performance with respect to the number of buds that responded, number of 

shoots produced per explant, average number of nodes per shoot, average shoot height 

and overall multiplication rate were evaluated after six weeks of culture (Figs. 4.1 and 

4.3).  

Addition of 10 µM ASA significantly promoted bud initiation in media containing BA 

(Media type III and IV) to over 90% compared to approximately 25% in the media 

lacking BA (Media type I and II) (Fig. 4.1a and 4.2). 100% of the lateral buds of the 

explants initiated in FeEDDHA and BA containing medium at 15 µM ASA. Bud 

sprouting in various media was correlated with the number of shoots developed (Fig. 

4.1b). ASA up to 10 µM promoted the shoot development from explants in media 

containing BA (Media type III) thereafter, increased concentration of ASA resulted in a 

significant reduction. Unlike BA (Medium type III), increased ASA concentration 

beyond 10 µM in media containing both BA and FeEDDHA (Medium type IV) showed 

no reduction. However, the mean number of shoots developed were lower on media 

containing both BA and FeEDDHA (Media type IV) at 10 µM than the medium with BA 

and no FeEDDHA (Medium type III). Two-way ANOVA indicated a positive interaction 

between ASA and BA as well as between BA and FeEDDHA (Appendix-1, Tables-2 and 

4). These interactions were synergistic and promoted bud sprouting and shoot 

development.  
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Addition of ASA alone in media without FeEDDHA and BA (Media type I) had a 

positive correlation with the number of nodes as well as shoot height up to 10 µM (Figs. 

4.1c, d). This positive correlation was also observed in media containing BA or 

FeEDDHA individually (Media type II and III). However, in presence of BA and 

FeEDDHA together (Media type IV), addition of ASA did not increase the number of 

nodes or shoot height. An interaction between BA and FeEDDHA (Medium IV) had a 

synergistic effect in promoting the number of nodes and shoot height, though not as 

strong as compared to ASA and BA. BA and FeEDDHA individually (at 0 µM ASA in 

Media type II and III) also promoted shoot height as compared to control (at 0 µM ASA 

in Media type I).Overall, addition of ASA strongly promoted number of nodes and 

number of shoots as indicated by multiplication rate (Fig. 4.1e). The highest 

multiplication rate was obtained at 10 µM ASA in the presence of BA (Media type III).  

4.3.2 Effect of salicylic acid (SA) in micropropagation of hazelnut cultivar - HF-16 

Salicylic acid had a similar effect on growth parameters measured as in the case of ASA. 

A synergistic effect was observed between SA and BA in promoting the number of 

shoots (Figs. 4.4a and 4.5; Appendix-I, Table-2). The lowest SA concentration applied 

(0.1 µM) significantly promoted the shoot proliferation in media containing BA (Media 

type III and IV) and further increase in concentration (1-5 µM) did not have any added 

advantage. Similarly as in case of ASA, the addition of FeEDDHA in the media did not 

show any added advantage in increasing the number of shoots. Similar to ASA, SA alone 

(Medium type I) without BA and FeEDDHA significantly promoted the shoot height and 

number of nodes (Figs. 4.4b-c). Additional BA and FeEDDHA did not have any added 

advantage in further increasing the shoot height.  
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Fig. 4.1. Effect of various concentrations of aspirin and media composition on (a) 
percentageof bud regenerated/explant (b) number of shoots/explant (c) number of 
nodes/explant (d) shoot height and (e) multiplication rate of HF-16 after six weeks of 
culture. Columns with same letter indicate no significant difference (P<0.05). 
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Fig. 4.2. Lateral bud initiation of HF-16 in liquid DKW medium containing different 
concentrations of Aspirin (a) 10 µM (b) 5 µM (c) 1 µM after four days of culturing. 
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Fig. 4.3. Growth performance of hazelnut cultivar HF-16 on different media types 
supplemented with or without Aspirin. 
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However, BA and FeEDDHA alone or together (Media type II-IV) in absence of SA (0.0 

µM) promoted the shoot height significantly as compared to the control (Medium type I; 

0.0 µM SA). SA in presence of BA largely promoted the number of shoot regeneration 

even at 0.1 µM. However, a much higher concentration of SA (5 µM) was required to 

increase the shoot height significantly.  

Overall, the addition of SA strongly promoted the multiplication rate in presence of BA, 

primarily by increasing the number of shoots per explant. A positive significant 

interaction effect was observed between SA and BA, greater than the interaction between 

BA and FeEDDHA. The best multiplication rate was achieved with 5 µM of SA in media 

type III containing BA (Fig. 4.4d).  

4.4 Discussion 

The objective of this study was to evaluate the effect of SA and ASA on the growth 

performance of hazelnut cultivar HF-16 thereby improving the multiplication rate. 

Different levels of SA and ASA were investigated in the presence/absence of BA (17.6 

µM) and FeEDDHA (460 µM) individually or in combination. These concentrations of 

iron sources and BA were optimized in earlier studies. In general, we observed in 

previous study that all cultivars assessed (Geneva, HF 16, Epsilon and Jefferson) had 

limited bud initiation even in presence of BA and iron supplement (Chapter 2). 

The bud initiation and shoot development in HF16 explants had no significant effect of 

added iron, whereas addition of BA showed an enhancement. However, iron in 

combination with BA had a synergistic effect on both bud initiation and shoot 

development  (Figs. 4.1a-b, 4.2; Appendix-I, Table-3). This synergistic effect was also  
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Fig. 4.4. Effect of various concentrations of SA and media composition on hazelnut 
cultivar HF-16 (a) number of shoots/explant (b) number of nodes/shoot (c) shoot height 
and (d) multiplication rate after six weeks of culture. Columns with same letter indicate 
no significant difference (P<0.05). 
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Fig. 4.5. Growth performance of hazelnut cultivar HF-16 on different media types 
supplemented with or without salicylic acid.  
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observed in case of other growth parameters measured such as number of shoot produced 

from each explants and shoot height. A similar synergistic effect was also reported in 

case of raspberry (Zawadzka and Orlikowska, 2006). SA and its close analog ASA have a 

strong effect on plant metabolism. In the current study, addition of SA as low as 0.1 µM, 

significantly increased the shoot height and number of nodes. Shoot proliferation by SA 

has been utilized in improving the yield of several crops. T. erecta productivity was 

increased due to higher shoot generation induced by SA at low concentrations (Larque-

Saavedra and Martin-Mex, 2007). In case of corn, Zhou et al., (1999) observed that 

injection of SA produced 8% more grain yield. Dhaliwal et al. (1997) stated that salicylic 

acid-induced increase in growth of wheat can be attributed to an increased rate of 

photosynthesis. Fariduddin et al., (2003) observed maximum increase in dry matter 

accumulation at a concentration of 10-5 M of SA applied to the leaves of the standing 

plants of Brassica juncea, but any concentration higher than this, was inhibitory. 

Similarly, SA application at higher concentration (3.5 mM) limited the growth of Vicia 

faba by reducing root growth (Manthe et al. 1992). Interestingly, Chen et al. (2001) 

reported that over 90% of 14C labelled SA added to the tobacco cell suspension was 

absorbed by the cells within 5 min and majority of it was released back into the 

extracellular medium after 5 hr. According to Szalai et al. (2011), exogenous SA may 

enhance the plant’s own de novo SA synthesis rather than having been taken up and 

transported within the plant. 

Salicylic acid has been reported to enhance the somatic embryogenesis as well. 

According to Quiroz-Figueroa et al. (2001), picomolar level of SA was enough to 

enhance cell growth and embryogenesis in the cell suspension culture of Coffea arabica, 
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as compared to untreated control cultures. Lateral bud induction by cytokinins is well 

known (Karhu, 1997). However, in the current study, application of ASA or SA resulted 

in a synergistic increase in bud sprouting and shoot proliferation in BA containing media. 

Approximately 22% and 45% of bud regeneration was observed with 5 µM ASA and BA, 

respectively. However, when these were applied together bud regeneration was increased 

up to 97%. A similar interaction between BA (0.25 mg/l) and SA (10 mg/l) was also 

observed in Ziziphus spina-christi (L.), which was reported to produce the highest 

percentage of responding explants, number of lateral buds, length of shoot buds and 

number of nodes as compared to media without SA (Galal, 2012). A positive interaction 

between cytokinin (kinetin) and SA was also observed in soybean, where foliar spray of 

these components together increased the photosynthetic rate, pods per plant and pods 

weight per plant (Kumar et al., 2000). In this study, ASA effectively increased the 

average multiplication rate to over 80% at 10 µM in the presence BA compared to 70% 

in the case of SA, which was maximum at 5 µM. Similarly, ASA was shown to be more 

effective than SA and sodium salicylate to induce in vitro organogenesis in 10 advanced 

breeding clones of potato (Lopez-Delgado et al., 1998). ASA has been used in preference 

over SA in vitro as a component of culture media in order to induce tuberization or shoot 

organogenesis in potato microplants. Some authors found that axillary bud regeneration 

could be promoted by exogenous application of SA as it has been proposed to be an 

inhibitor of ethylene. According to Glass and Dunlop (1974), SA and its analogs play a 

regulatory role in plant physiology, such as inhibition of ethylene biosynthesis and an 

increase in photosynthetic rate and chlorophyll content. Kong and Yeung (1994) reported 

the formation of intercellular spaces in the shoot poles of the embryos caused by the 



 

 

106 

 

accumulation of ethylene in culture. Accumulation of gas can lead to loss of meristematic 

integrity as well as cell proliferation (Kumar et al., 2000; Apelbaum and Burg, 1972). 

Addition of an ethylene inhibitor, silver thiosulphate, was reported to increase axillary 

bud regeneration in Solanum nigrum (Naidu and Preethi, 2011). Addition of ASA in the 

medium was observed to reduce ethylene in case of embryogenic culture of pearl millet 

which in turn, enhanced growth (Pius et al., 1993). Stimulatory effects of SA on bud 

induction and increased number of buds was observed in moss protonema (Saxena and 

Rashid, 1980; Chopra and Mehta, 1991). Similar efficacy of SA addition on stem 

elongation (Ullucus tuberosus) and flower bud (Streptocarpus nobilis) regeneration was 

also observed by Handro et al. (1997).  

A few studies proposed that SA binds to and inhibits H2O2 degrading enzyme that leads 

to the accumulation of H2O2 and promotes growth (Sanchez-Casas and Klessig, 1994; 

Durner and Klessig, 1996). Luo et al., (2001) linked H2O2 accumulation followed by SA 

application as a likely cause for an increased somatic embryogenesis in Astragalus 

adsurgens. They observed reduced activity of catalase and ascrobate peroxidase along 

with an increased activity of SOD leading to the accumulation of H2O2.  

Another study proposed that the effect of SA follows a similar mechanism as proline 

induced biosynthesis of cytokinins that modulates growth (Shetty et al., 1992). 

Exogenous application of proline had similar effect on growth as SA and ASA in melon. 

Proline regulates the biosynthesis of cytokinins by oxidation via proline dehydrogenase. 

Thioproline, an inhibitor of proline dehydrogenase was able to negate the effect of 

proline as well as SA and ASA. SA and ASA directly or indirectly participate in complex 

interacting biochemical networks that result in varied response depending upon the 
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developmental stages and environmental conditions. A specific and clear role of SA in 

growth promotion is still unclear.  

Conclusions 

Acetylsalicylic acid and salicylic acid both had synergistic interaction with BA and 

effectively promoted all of the growth parameters assessed. Best multiplication rate was 

obtained in case of ASA at the concentration of 10 µM along with BA (17.6 µM) which 

was higher than using SA. This combination of BA and ASA may be effective for the 

micropropagation of other recalcitrant species in which multiplication rate is limited. 

Further studies are required to elucidate the mechanism of action of SA and ASA in the 

regulation of hazelnut shoot proliferation as well as in various other physiological 

responses.  
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Chapter 5: Effect of various carbon sources and antiauxins on hazelnut shoot 

growth and the efficacy of IBA in the induction of roots  

Abstract 

This study was conducted to assess the effect of various carbon sources and antiauxins on 

in vitro growth of hazelnut plants. Five carbon sources (sucrose, glucose, fructose, 

maltose and lactose) were investigated at three different concentrations (3, 5 and 7%, 

w/v). Glucose (3%, w/v) was found to be the best carbon source for hazelnut 

micropropagation. It effectively produced longer shoots with higher number of nodes 

compared to other carbon sources. Maltose (3% w/v) increased the number of shoots but 

plantlet growth was stunted with lower number of nodes. Fructose was found to be 

detrimental for the hazelnut explants. Among antiauxins, 2,3,5-triiodobenzoic acid 

(TIBA) at 2 µM significantly increased the shoot height and number of nodes, whereas p-

chlorophenoxyisobutyric acid (PCIB) did not show any improvement. Induction of 

rooting by IBA was assessed on semi-solid, liquid and a Liquid Lab™ temporary 

immersion system (LIS). In LIS, non polar rooting was observed from the nodes in 

contact with the medium. Hazelnut cultivars Geneva and HF-16 showed optimum rooting 

at different 3-Indolebutyric acid (IBA) concentrations suggesting a variation due to 

genotype. Rooted plantlets of HF-16 were acclimatized to the greenhouse conditions with 

80% survival rate. 
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5.1  Introduction 

Micropropagation is a complex process that depends on a number of factors. One of them 

is carbon source supplied in the growth medium. Research has shown that chlorophyllous 

plants under in vitro conditions with low carbon dioxide (CO2) concentration and 

relatively high humidity have a low photosynthetic rate (Kubota, 2002; Kozai 1991). 

Therefore, an exogenous supply of carbohydrate is required for the survival of cultured 

tissue and to sustain its growth and development (Minocha and Jain, 2000). Sucrose is the 

most commonly used carbon source and has been extensively used in micropropagation 

of several species including Rugosa rose (Xing et al., 2010), Brazilian ginseng (Nicoloso 

et al., 2003), bhringraj (Baskaran and Jayabalan, 2005) as well as in hazelnut. (Perez et 

al., 1987; Bassil et al., 1991; Nas and Read, 2001 and Bacchetta et al., 2008). Studies 

indicate that during various stages of growth and development of plantlets in vitro, they 

require various types carbon sources at varying concentrations (Thompson and Thorpe, 

1987; Pati et al., 2006; Dobránszki et al., 2010). However, not all plants can utilize and 

metabolize all the carbon sources effectively (Teixeira da Silva, 2004). Therefore, it 

becomes important to evaluate the effect of individual sugars for each species (Yaseen et 

al., 2012; Mosaleeyanon et al., 2004). The effect of carbon sources and their 

concentrations have been reported in shoot proliferation of banana (Buah et al., 2000), 

olive (Garcia et al., 2002), maize (Gauchan, 2012), potato (Rahman et al., 2010), 

Patchouli (Swamy et al., 2010), Acacia (Beck et al., 1998), and carob tree (Vinterhalter et 

al., 2001). A limited number of studies have explored the effects of carbon sources on 

hazelnut micropropagation (Yu and Reed, 1993; Bacchetta et al., 2008; Caboni et al., 
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2009) and , in particular, more studies are required to assess their effects in liquid culture 

system.  

The growing apical bud release compounds that inhibit the growth of lateral buds. It has 

been hypothesized that growth of the axillary buds are inhibited by auxins that are 

transported basipetally from the apical bud (Shukla et al., 2012). The auxin transport 

inhibitor, 2,3,5-triiodobenzoic acid (TIBA) and competitive auxin inhibitor, p-

chlorophenoxyisobutyric acid (PCIB) effectively inhibit auxin induced responses in a 

variety of species (Murch et al., 2005). PCIB was observed to enhance American elm 

shoot proliferation at 2.5 µM (Shukla et al., 2012), whereas in St. John’s wort it reduced 

the rate of shoot organogenesis (Murch et al., 2001). Plant growth responses are 

collectively regulated by both endogenous and exogenous plant growth regulators (Murch 

and Saxena, 2005). Therefore, the response to the exogenously applied anti-auxin may 

vary among different species. Application of an anti-auxin in hazelnut cultures has the 

potential to increase lateral bud proliferation, thereby increasing the overall plant 

multiplication rate.  

Rooting of many woody plants in tissue culture is notoriously difficult (Custodio et al., 

2004). Several factors affect rooting such as the genotype (Marks and Simpson, 2000), 

strength of basal medium concentration, type of carbohydrate and presence of phenolic 

compounds (Moncousin et al., 1992).  According to Hewitt and Smith (1975), cell 

division and root tip meristem are sensitive to iron concentration and its deficiency may 

lead to inhibition of root elongation and root hair formation. Molassiotis et al. (2003) 

reported that FeEDDHA supplement increased rooting in peach explants to 100%. 

Similarly, Yu and Reed (1995) observed an increased rooting in hazelnut cultivars 
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‘Willamette’, ‘Dundee’, and ‘Newberg’ on modified half-strength Driver and Kuniyuki 

Walnut (DKW) medium (Driver and Kuniyuki, 1964) containing FeEDDHA. 3-

Indolebutyric acid (IBA) is the most commonly used auxin used for inducing rooting in 

hazelnut (Bassil et al., 1991, Perez et al., 1985; Diaz-Sala et al., 1990; Yu and Reed, 

1995; Damiano et al., 2005). However, the effectiveness of IBA varies among hazelnut 

cultivars and it is necessary to optimize IBA treatment for individual cultivars.  

Acclimatization is the final step of the micropropagation and is crucial for the successful 

application of the technology. Conditions of in vitro culture cause morpho-physiological 

disorders of microplantlets that can lead to poor survival during acclimatization 

(Hazarika 2006). Survival rate of the micropropagated plants under in vivo conditions 

also depend upon the adaptation to the environmental conditions of high light intensity, 

low relative humidity, nutrients and gas milieus. These conditions causes the tissue stress 

and sebsequently lead to significant plant loss therefore, transplantation process requires 

a few days of acclimatization with gradual decreasing humidity.   

This study was conducted to assess the effect of different carbon sources and antiauxins 

on the shoot proliferation of Corylus cultivar. Another objective of this study was to 

evaluate the effect of IBA and ethylenediamine bis (2)-hydroxyphenylacetic acid-iron salt 

(FeEDDHA) on root induction and the survival of rooted plantlets in the greenhouse. 

Transplants of in vitro grown plantlets to greenhouse involves drastic, stressful changes 

in the environmental conditions and may result in significant loss of micropropagated 

plant.  
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5.2 Materials and Methods 

5.2.1 Effect of various carbon sources on shoot development 

Efficacy of different concentrations of various carbon sources was evaluated on hazelnut 

cultivar, Geneva. Nodal explants from Liquid LabTM temporary immersion system (LIS) 

established in vitro shoots of Geneva were used for this experiment. Based on previous 

experiments, a basal medium was prepared containing DKW basal salts supplemented 

with 6-benzylaminopurine (BA, 17.6 µM), gibberellic acid (GA3, 0.29 µM), IBA (0.014 

µM) and FeEDDHA (460 µM). For various treatments, different carbon sources (sucrose, 

glucose, fructose, maltose and lactose) were added to the base medium at varying 

concentrations (3, 5 and 7%; w/v). Nodal explants with 5-6 nodes each were transferred 

to LIS vessel containing 50 ml of different medium types. Each treatment had four 

replicates, each containing a  LIS vessel with six nodal explants. The experiment was 

repeated twice.  

5.2.2 Effect of antiauxins on hazelnut growth performance  

The effects of two antiauxins (PCIB and TIBA) were determined on shoot proliferation 

of hazelnut cultivar Epsilon in LIS. Nodal segments were transferred to basal DKW 

medium containing with BA (17.6 µM), GA3 (0.29 µM) and FeEDDHA (460 µM). 

Antiauxins were added to the medium at different concentrations (2, 5 and 10 µM). There 

were four LIS vessels for each treatment containing six nodal explants per vessel and 

each explant with 5-6 nodes. The experiment was repeated twice. 
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5.2.3. Effect of IBA on root development  

Rooting in cultivar HF-16 was assessed on semi-solid medium, liquid medium and in 

TIS. Rooting media were prepared using DKW basal salt containing 2% sucrose in 

presence and absence of FeEDDHA (460 µM). To this medium IBA was added at various 

concentrations 0, 5.0, 10 and 15 µM. In liquid phase, 50 ml was used in TIS vessels and 8 

ml of liquid medium was dispensed into each test tube. For semi-solid phase, gelrite was 

added as solidifying agent  at 2.2 g/l and 50 ml of media was poured in each magenta 

box. For each concentration of IBA tested, four replicates were used with each consisting 

of five magenta boxes for semi-solid medium and five test tubes for liquid medium 

containing a shoot with 7-8 nodes. In case of TIS, for each concentration of IBA tested 

four replicates were used, each consisting of a LIS vessel containing six shoots with 7-8 

nodes.  

Rooting in cultivar Geneva was assessed on semi-solid as well as in TIS. IBA was added 

at different concentrations (0, 0.5, 2.5, 5 and 10 µM) to the DKW medium supplemented 

with 2% sucrose without addition of FeEDDHA. For the semi-solid medium, gelrite was 

added at 2.2 g/l. Sample size and experimental replicates were similar as mentioned 

above in case of cultivar HF-16. For each concentration of IBA tested, four replicates 

were used. In case of semisolid medium, each replicate consisted of five magenta boxes 

each containing a shoot with 7-8 nodes in 50 ml medium. In TIS, each replicate consisted 

of a LIS vessel with six shoots each containing 7-8 nodes. For both cultivars, experiments 

were completely randomized and observations were taken after six weeks  to determine 

the percentage of rooted shoots, the number and length of roots. The experiments for both 

cultivars was repeated thrice.  
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In vitro rooted plantlets of HF-16 were removed from culture medium and washed gently 

with tap water. The rooted plantlets were transferred to 18-cell trays containing 

Professional growing mix 4 (Sun Gro Horticulture, Vancouver, British Columbia) 

medium. All trays were placed in a mist bed for two weeks and they were transferred to 

standard greenhouse conditions. A total of 72 plantlets of HF-16 were tranferred to 3 x 

18-celled trays to provide three replicates. Survival rate of the plantlets was recorded four 

weeks after  transfer to the greenhouse.  

Culture conditions 

All cultures were maintained at 22oC with 16 hr photoperiod (10-15 µmol m-2 s-1). LIS 

vessels were maintained on Liquid LabTM Rocker temporary immersion bioreactor 

system (Southern Sun BioSystems, Inc., Hodges, SC). The speed of the rocker was set to 

30 sec/cycle thereby immersing the explants for an interval of 25 sec between each cycle. 

50 ml of the medium was added after every three weeks interval. Magenta boxes 

containing semi-solid media or test tubes containing liquid media , were maintained on a 

stationary stage with similar culture conditions as for TIS.  

Statistical analysis: All the experiments were completely randomized and analysis of 

variance (One-way ANOVA) was done using GraphPad Prism version 5. Means were 

compared using Tukey’s test. The data are presented as means ± standard error of means 

and different letters in the figures indicates the significant difference at P<0.05. 
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5.3 Results 

5.3.1 Effect of various carbon sources on shoot development 

Effect of five different carbon sources namely, sucrose, glucose, fructose, maltose and 

lactose was investigated on the number of shoots/explant, number of nodes/explant and 

shoot height (Fig. 5.1). All of the sugars at 3% (w/v) were found to support the growth of  

maximum number of shoots except in the case of fructose where no bud sprouting was 

observed at any given concentration. A further increase in concentration to 5% and 7% 

(w/v) was unfavorable and reduced the shoot development. Incorporation of maltose at 

3% (w/v) produced the maximum number shoots per explant (4.38) followed by that of 

glucose (3.4) and lactose (2.9). Interestingly, explant in fructose (3% w/v) supplemented 

medium remained green throughout the duration of culture, whereas at higher 

concentrations browning was observed. Maximum shoot heights were observed with 3% 

(w/v) glucose, which declined at increased concentrations. The number of nodes 

corresponded to shoot height and declined with reduction in shoot height. Maximum 

number of nodes (8.9) was observed in case of 3% (w/v) glucose, which was  reduced to 

7.6 at 5% (w/v) glucose. Addition of sucrose at 3% (w/v) resulted in shoot heights 

comparable to that with 5% (w/v) glucose, and drastically reduced with the increase in 

concentration. Interestingly, no reduction in number of nodes was observed with 

reduction in shoot height at higher sucrose concentration.   

5.3.2 Effect of antiauxins on hazelnut growth  

Both antiauxins, TIBA and PCIB did not significantly alter the number of shoots at any 

concentration tested compared to the control (Figs. 5.2 and 5.3). However, TIBA  
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Fig. 5.1. Influence of different carbon sources and its concentrations (a) number of shoots 
per explant (b) number of nodes per explant and (c) shoot height of hazelnut cultivar 
Geneva after eight weeks of culture. Means from all the treatments were compared with 
each other. Columns with same letter indicate no significant difference (P<0.05). 
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at 2 µM significantly increased shoot height as well as the number of nodes as compared 

to control. Further increase in the TIBA concentration decreased the mean number of 

nodes and shoot height. Addition of PCIB at any concentration did not have any 

significant effect on number of nodes and shoot height. 

5.3.3. Effect of IBA on root development  

Different concentrations of IBA were evaluated for root induction in Geneva and HF-16 

in TIS, test tube and magenta box. For both cultivars in TIS, rooting was observed from 

all nodes exposed to the medium. Since rooting was non-polarized, further data were not 

recorded from TIS.  

In case of HF-16, different concentrations of IBA (0, 5, 10 and 15 µM) were evaluated in 

the presence or absence of FeEDDHA (460 µM FeEDDHA) in the test tubes and 

magenta boxes (Figs. 5.4 and 5.6). In the media without FeEDDHA, addition of IBA up 

to 10 µM increased the percentage of rooted plantlets, number of roots/shoot and root 

length. A further increase in the IBA concentration to 15 µM showed reduction in all 

these parameters (Fig. 5.7). State of the media as liquid or semi-solid did not show any 

significant change in root growth up to 10 µM of IBA. Addition of FeEDDHA to the 

medium did not show any added advantage (Fig. 5.7 a and b).  

Root induction in Geneva was assessed in the semisolid medium without FeEDDHA. 

Addition of IBA at 2.5 µM was observed to induce maximum rooting in the cultured 

plantlets up to 83% (Fig. 5.5). A further increase in IBA concentration had deleterious 

effect that gradually retarded the root induction. Similar trends were also observed for  
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Fig. 5.2. Influence of antiauxins (TIBA and PCIB) and its concentrations on (a) number 
of shoots per explant (b) number of nodes per explant and (c) shoot height of hazelnut 
cultivar Epsilon after eight weeks of culture. Means from all the treatments were 
compared with each other. Columns with same letter indicate no significant difference 
(P<0.05). 
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 Fig. 5.3. Influence of antiauxins (TIBA and PCIB) and its concentrations on shoot 
proliferation of hazelnut cultivar Epsilon after eight weeks of culture.  



 

 

120 

 

                

Fig. 5.4. Effect of different concentrations of IBA on (a) rooting percentage (b) number 
of roots per explant and (c) root length of HF-16 on solid and liquid medium after six 
weeks of culture. Means were compared within the given treatments. Columns with same 
letter indicate no significant difference (P<0.05). 
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Fig. 5.5. Effect of different concentrations of IBA on (a) rooting percentage (b) number 
of roots per explant and (c) root length of Geneva on solid medium after six weeks of 
culture. Means from all the concentrations were compared with each other. Columns with 
same letter indicate no significant difference (P<0.05). 
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Fig. 5.6. Influence of composition and physical state of the medium on root induction of 
HF-16 (a) liquid medium without FeEDDHA at 10 µM IBA (b) liquid medium with 
FeEDDHA (460 µM) at 10 µM IBA (c) solid medium without FeEDDHA at 10 µM IBA 
(d) solid medium without FeEDDHA at 0 µM IBA after four weeks of culture. 

           

       

Fig. 5.7. Influence of various IBA concentrations on root induction of HF-16 (a) 5 µM  
(b) 10 µM  (c) 15 µM after four weeks of culture.   

 



 

 

123 

 

 

 

   

 

 

 

 

 

 

 

                             Fig. 5.8. In vitro rooted microplantlets before transplantation.                         

 

Fig. 5.9. In vitro raised hazelnut plantlets of HF-16 were acclimatized in the (a) mist 
chamber (day 1) and transferred to the green house after two weeks. (b) Established 
plantlets  in green house after two weeks in green house. 
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number of roots and root length, where 2.5 µM IBA concentration was found be optimum 

for both the number of roots (3.9 ± 0.11) and the root length (37.5 ± 0.69 mm).  

In vitro raised and rooted plantlets of HF-16 acclimized well in mist chamber (Fig. 5.9). 

Plantlets demonstrated a survival percentage of 80% on transplanting to greenhouse (Fig. 

5.9 b).  

5.4. Discussion 

The objective of this study was to evaluate the effect of different concentrations of carbon 

sources and antiauxins on the growth of hazelnut explants. Also, the effect of different 

concentrations of IBA was investigated on root induction in hazelnut cultivar, HF-16 and 

Geneva.  

The additon of a carbon source to culture medium is essential for growth and 

development as they are not able to photosynthesize sufficiently in in vitro conditions. 

The carbon source is also important to maintain the osmotic balance required for plant 

morphogenesis and development (Neto and Otoni, 2003). According to Rolland et al. 

(2006), sugars also act as a signal which affects gene expression, metabolism and overall 

growth and development.  

Sucrose is commonly used as a carbon source in micropropagation media as it is a 

transportable form of carbon and energy in most plants. In hazelnut, sucrose has been the 

preferred carbon source (Bacchetta et al., 2008). However, plant tissue can utilize 

different types of sugars (Swedlund and Locy, 1993) and a number of species have been 

documented to utilize other carbon sources (Swedlund and Locy, 1993; Amiri and 

Kazemitabar, 2011; Romano et al., 1995). Dobranszki et al. (2010) noted that different 
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species respond differently to the in vitro supplied carbon sources. In this study, in vitro 

propagation of nodal explants of hazelnut cultivar Geneva was observed to be 

significantly affected by the carbon sources provided (sucrose, glucose, maltose and 

lactose) at various concentrations. Similar studies have also been conducted using 

glucose, fructose, maltose and galactose (Vu et al., 1993; Nicoloso et al., 2003; Skrebsky 

et al., 2004; Pati et al., 2006; Luo et al., 2009; Dobránszki et al., 2010). In this study, 

maltose was observed to produce a significantly higher number of shoots than other 

carbon sources followed by glucose and lactose. Similarly, an enchanced shoot 

production was observed on maltose supplemented medium in case of potato as 

compared to sucrose and glucose (Rahman et al., 2010). Maltose has also been reported 

to induce regeneration from microspores and anthers (Scott et al., 1995; Xie et al., 1995; 

Karsai et al., 1994; Li et al., 1998) and somatic embryogenesis in wild cherry 

(Reidiboym-Talleux et al., 1998; Finnie et al., 1989; Raquin, 1983; Millam et al., 1992; 

Cai et al., 1992; Strickland et al., 1987). Disaccharides, maltose and sucrose were found 

superior for plant regeneration in the case of maize, when embryos were used as the 

explant (Gauchan, 2012). However, in the current study, maltose supplementation 

produced more number of shoots as compared to that of sucrose. According to Raquin 

(1983), the distinct response to maltose and sucrose may be due to differences in their 

breakdown products. Sucrose is hydrolysed to glucose and fructose whereas maltose 

breaks down to glucose and glucose-l-phosphate. Maltose enhanced regeneration could 

be associated with its ability to stabilize osmolarity in the tissue culture medium 

(Kuhlmann and Foroughi-Wher, 1989). However, research also shows that extracellular 
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hydrolysis and absorption of maltose is slow as compared to sucrose and it is hydrolysed 

intracellularly.  

In this study, glucose was observed to increase the shoot length, number of nodes and 

number of shoots as compared to sucrose. According to Yu and Reed (1993), glucose 

may be a more effective carbon source for shoot multiplication in hazelnut. Hazelnut 

cultivars, Nonpareil and Tonda Gentile Romana produced more and longer shoots on 

modified DKW medium with glucose than explants grown on sucrose. However, Caboni 

et al. (2009) did not find any difference between glucose and sucrose in hazelnut cultivar, 

‘Montebello’, while  ‘Tonda Romana’ showed higher multiplication rates in sucrose than 

in glucose in a RITA® system. Glucose was also observed to increase the axillary 

branching in in vitro cultures of beech (Cuenca and Vieitez, 2000). The beneficial effect 

of glucose on direct shoot regeneration was also observed in Prunus mume (Harada and 

Murai, 1996), where glucose (3%) provided better shoot proliferation than sucrose, 

sorbitol or fructose. Glucose was also found to increase the number of shoots and shoot 

length of Artemisia annua (Wang and Weathers, 2007). In bitter almond,  the addition of 

glucose to culture medium stimulated maximum shoot height and number of shoots from 

nodal segments (Abou Rayya et al., 2011). Similarly, glucose was found to be better than 

sucrose yielding higher proliferation and taller shoots in Rugosa rose 'Puce Dragon', 

'Purple Branch' and 'Tang White' (Xing et al., 2010).  

In this study, lactose (3%, w/v) increased the number of shoots, but  decreased shoot 

length as compared to the treatment with su crose (3 %, w/v ). An  in crease in  the β – 

galactosidase activity has been observed in a number of studies when lactose was used as 

the carbon source (Chaubet et al., 1981; Herouart et al., 1991). This enzyme is secreted 
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into the medium, where it hydrolyses lactose into glucose and galactose. The beneficial 

effects of lactose on callus induction has been reported in many species such as Nemesia 

stumosa and Petunia hybrida (Hess et al., 1979), Japanese morning glory (Hisajima and 

Thorpe, 1981), Linum usitatissimum (Chen and Dribnenki, 2002) and Datura stramonium 

(Amiri and Kazemitabar, 2011). Addition of lactose enhanced the sprouting of shoots in 

Musa accuminata from the shoot tip as compared to maltose, saccharose and glucose.  

Increase in the concentration of any of the carbon source reduced the growth parameters 

assessed. The reductions in growth could be due to the imbalanced osmotic potential or a 

toxic effect of the carbon source (Neto and Otoni, 2003). Higher concentrations of 

sucrose were observed to increase the phenolic concentration in the medium which may 

be the reason for reduced growth (Yildiz et al., 2007). According to Silva (2004) and 

Ahmad et al. (2007), sugars acts as chemical signals and a high carbon concentration may 

signal stress. Many studies have been done to evaluate suitable carbon sources and their 

optimum concentrations for culture establishment and development (Karhu, 1997). 

Collectively, the results of such studies show that the ability to utilize carbon source is 

species and cultivar specific.  

Anti-auxins are known to promote lateral bud proliferation in many species. However, in 

this study, the use of PCIB did not induce any significant changes in any of the 

parameters assessed. However, addition of TIBA at 2 µM showed elongation of shoot 

height that gradually decreased with increasing concentrations. A similar effect of TIBA 

was also reported in the case of Rosa hybrid, where TIBA at 2 µM not only increased the 

shoot height but also increased the number of shoots. However, in this study no 

significant difference was observed in the number of shoots/explant. Similar effects of 
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TIBA in shoot elongation were also reported in case of Ixora (Lakshmanan et al., 1997). 

TIBA concentration as low as 10-8 M promoted the stem growth and significantly 

increased the weight of sweet potato (Ipomoea batatas) shoot (Jarret, 1997). 

Interestingly, TIBA at 2 µM level significantly increased the number of nodes in the 

current study and this effect may be investigated further to study the interactions of 

auxin, cytokinin and chelating agents.  

Iron has been found to be important for the multiplication of hazelnut plants as discussed 

in the Chapter 2. Fe deficiency can cause inhibition of root elongation (Romheld and 

Marschner, 1981). FeEDDHA has been reported as an essential component of the rooting 

medium for some species such as Baydawi (Obaid and Bashi, 2010) and GF-77 (Prunus 

amygdalus x P. Persica; Molassiotis et al., 2003; Hasan et al., 2010). FeEDDHA not 

only affects root morphology but also the time of rooting as in case of citrus (Dimassi-

Theriou, 2006). In the same study, it was also observed that the addition of FeEDDHA  

induced rooting in plants 2 weeks earlier than on any other source of iron. In hazelnut, Yu 

and Read (1995) reported rooting in 64-100% of cultured shoots of hazelnut cultivars, 

‘Willamette’, ‘Dundee’, and ‘Newberg’ on modified half-strength DKW containing 

FeEDDHA and 4.9 µM of IBA. On the contrary, in this study no beneficial effect of 

FeEDDHA was observed on rooting. Moreover, reduction in mean number of roots and 

root length occurred with the addition of FeEDDHA in both solid and liquid media 

containing 10 µM IBA. Similar effect of reduction in root number was also observed in 

Carlina onopordifolia grown on FeEDDHA supplemented medium (Trejgill et al. 2012). 

This effect may be ascribed to cytokinin like attributes of FeEDDHA. Optimum root 

development is known to be regulated by a high auxin: low cytokinin complement of the 
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tissue and an enhanced cytokinin activity can suppress or adversely affect root formation 

(Skoog and Miller, 1957). 

Rooting is significantly affected by genotype (Yu and Read 1995; Bacchetta et al. 2008) 

and the response to IBA treatments vary widely among cultivars (Bassil et al. 1992). 

Similar variation due to genotype was also observed in this study. In Geneva, IBA at the 

2.5 µM level induced significantly higher number of roots whereas, 10 µM IBA was 

found to be optimum in case of HF-16. Similar to HF-16, maximum rooting was 

observed in Italian hazelnut cultivars, ‘Montebello’ and 'Tonda Gentile Romana' at 9.8 

µM of IBA (Damino et al. 2005). In the case of Spanish cultivars, exposure to 50 µM 

IBA for five days and then transfer to medium without IBA was observed to induce 

rooting in 80% of shoots (Perez 1985). Differences in IBA requirements are indicative of 

variations in endogenous levels of growth regulators and nutrients critical to root 

initiation and development. Endogenous profiles of plant growth regulators vary 

considerably due to genetic, physiological, and environmental conditions of culture and 

growth of the in vitro grown shoots. 

Conclusions 

The hazelnut explants showed different responses to the medium supplemented with 

different carbon sources and their concentrations. Higher concentrations of all carbon 

sources negatively affected the assessed parameters. Glucose (3%) was found to be best 

carbon source for the hazelnut multiplication. The use of antiauxin, TIBA (2 µM) 

effectively increased shoot height and number of nodes, whereas PCIB did not have any 

effect. Addition of FeEDDHA was not required for rooting and physical state of the 
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medium did not result in any significant difference in the root development. However, 

rooting was promoted by IBA and the optimum concentration varied among genotype, 

Geneva (2.5 µM) and HF-16 (10 µM). Rooted plantlets can be acclimatized and 

transferred to greenhouse with the survival rate of 80%.    
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Chapter 6: Summary and General Conclusions 
 

Hazelnut (Corylus avellana L.) is the 4th  economically important nut crop in its category 

after cashew, almond and walnut. It is rich in protein, vitamins and unsaturated fatty acid 

and has recently been recognized as an alternate source of paclitaxel, an anti-cancer 

compound. The introduction of hazelnut crop is estimated to add $30 million annually to 

Ontario agriculture as annual Canadian import of hazelnut exceeds 16 million pounds. 

However, the production of hazelnut in Ontario is restricted due to lack of suitable 

cultivar and constraints in propagation. Conventional method of propagation through 

suckers is inefficient and time consuming for large scale production of plants. Recently, a 

number of cultivars suitable for plantation in Ontario have been identified and there is an 

immediate need to develop methods for rapid propagation of these plants for field testing. 

Micropropagation offers an efficient tool to produce large number of plantlets. This study 

focused on developing an integrated approach to mass multiplication of hazelnut wih 

optimization of media components, supplements/additives and growth conditions in 

conventional semi-solid and advanced bioreactor systems.  

Hazelnut cultures were found to be very sensitive to the iron concentration and source. 

Iron is an essential micronutrient. However, iron availability to the plant varies depending 

upon the source of supplement. Several studies have reported the beneficial effect of iron 

supplement in chelated form such as ethylenediamine bis(2)-hydroxyphenylacetic acid-

iron salt (FeEDDHA) or ethylenediamene tetra acetic acid-ferric-iron salt (FeEDTA) over 

iron salts (Nas and Read, 2001; Garrison et al., 2013). A noteworthy achievement of this 

study is the significant improvement in hazelnut growth and proliferation by a 

combination of two iron sources, an inorganic salt (FeSO4) along with FeEDDHA as 
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compared with commonly used FeEDDHA supplement alone (Chapter 2). Result showed 

that iron supplement given in combination increased the multiplication rate by increasing 

the number of nodes and shoots. Analyses of iron uptake and distribution in tissue 

indicated a higher iron uptake in combination treatments, which positively correlated 

with increased multiplication rate. These results are in agreement with the hypothesis that 

additional iron supplementation by addition of FeEDDHA into basal DKW medium, 

which already contains FeSO4 will enhance shoot proliferation and development of 

hazelnut as compared FeEDDHA alone. Iron chelates deliver iron to the plant in a 

desirable, time-released fashion over long duration.  

Conventional in vitro culture system such as semi solid medium does not utilize full 

potential of plant for growth and development. An alternate approach that can enhance 

the shoot proliferation from the nodal explant is highly desirable for hazelnut production. 

Temporary immersion bioreactor system is an advanced micropropagation tool which is 

more suitable for shoot organogenesis and its potential for Italian hazelnut cultivars has 

already been demonstrated using RITA® bioreactor system (Caboni et al., 2009). In 

Chapter 2, an efficient micropropagation protocol was developed by comparing both 

semi-solid and Liquid LabTM temporary immersion system (LIS). All hazelnut cultivars 

performed well in LIS and produced healthy and vigorous plantlets for rapid 

multiplication of hazelnut. Overall, beneficial effects of LIS included increased shoot 

height, number of nodes and shoots, chlorophyll content and number of stomata. Among 

the four cultivars, HF-16 was the best cultivar in terms of producing healthy plantlets at a 

faster multiplication rate followed by Geneva and Epsilon. Although Jefferson produced 
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healthy plantlets, it had a very slow growth rate. Further analysis of growth requirements 

of Jefferson may lead to better multiplication rates. 

In in vitro culture system, accumulating phenolics have deleterious effect on plant growth 

(Ziv, 2005). Phenolic exudation creates oxidative stress on in vitro explant or growing 

tissue, which can inhibit growth and cause necrosis. Plants under oxidative stress 

excessively produce several kinds of free radicals such as singlet oxygen, superoxides 

and peroxides (Benson, 2000). Exogenous application of antioxidant compounds and 

phenolic adsorbents can overcome the inhibition of growth due to phenolic exudate and 

oxidative stress. In Chapter 3, effects of antioxidants ascorbic acid and melatonin and 

phenolic adsorbents namely activated charcoal and polyvinylpolypyrrolidone (PVPP) 

were evaluated. Addition of melatonin, ascorbic acid as well as PVPP at low 

concentration (0.1%) significantly enhanced shoot proliferation. These results supported 

the hypothesis that the addition of antioxidants can further enhance the multiplication of 

hazelnut shoots. However, addition of activated charcoal had deleterious effect on the 

growth of explants, which may have adsorbed growth hormone and reduced their 

availability.  

Salicylic acid (SA) and its analogue acetylsalicylic acid (ASA or aspirin) are known for 

their effects on plant metabolism. Several studies have documented their beneficial 

effects on plant growth in the field as well as in in vitro culture systems. It was 

hypothesized that the addition of SA and ASA may increase the sprouting of lateral bud 

in hazelnut. Both SA and ASA had strong synergy with BA and significantly promoted 

lateral bud proliferation and increased the number of shoots. Synergy was also observed 

between BA and FeEDDHA in improving growth and proliferation, but was less strong 
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than that between BA and SA/ASA. These synergies between cytokinin and SA/ASA 

may be helpful in increasing the multiplication rate of many hazelnut genotypes and 

possibly other tree species.  

Growth of the axillary bud is inhibited by auxin that is transported basipetally from the 

apical bud (Shukla et al., 2012). Auxin transport inhibitors, 2, 3, 5-triiodobenzoic acid 

(TIBA) and auxin function/action inhibitor, p-chlorophenoxyisobutyric acid, (PCIB) 

effectively inhibit the auxin activity and increases the lateral bud growth. Therefore, it 

was hypothesized that antiauxins will increase the multiplication rate by increasing the 

lateral bud induction. In hazelnut, application of antiauxin did not show any beneficial 

effect on the number of shoots although, TIBA (2 µM) significantly enhanced the shoot 

height and number of nodes. This observation suggests that there may be other 

mechanisms involved in bud proliferation of hazelnut and the interaction of auxin with 

other growth hormones such as ethylene should be investigated. 

Under in vitro conditions such as low CO2 and high humidity, plants have low 

photosynthetic rate. Therefore, an exogenous carbohydrate source becomes an important 

ingredient for the plantlet survival, growth and development. Among several 

carbohydrate tested, glucose at 3% (w/v) was found to be best carbon source for the 

hazelnut multiplication.  

Rooting was successfully induced under in vitro grown plantlets with 2.5 µM to 10 µM 

IBA. As expected, the degree of rooting response varied with concentrations and the 

genotypes. Interestingly, the addition of FEDDHA did not have any added advantage in 

root induction. Iron deficiency leads to inhibition of root elongation and root hair 

formation. It was expected that FeEDDHA supplement may promote root induction. It 
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was also observed that physical states of the medium did not have any influence on the 

hazelnut root induction which may be useful for further improvement of root growth in 

bioreactor systems. 

In conclusion, several growth parameters including media components, additives and 

growth systems were optimized to identify optimum conditions for hazelnut shoot 

multiplication in this study. Inclusion of compounds such as antioxidants, salicylic and 

acetyl salicylic acid further improved the efficiency of liquid based micropropagation. In 

the protocol employing LIS in vitro grown plantlets showed high vigor, were produced at 

higher multiplication rate as compared to conventional semi-solid medium, and grew well 

in the greenhouse. With this optimized protocol it is possible to rapidly produce a large 

number of healthy hazelnut plantlets in short time for further establishment (Fig. 6.1). 

The bioreactor based technology is expected to facilitate mass propagation of many 

cultivars developed by Ontario growers and other tree species of commercial interest. 
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Fig. 6.1.  Summary of steps involved in micropropagation of hazelnut with approximate time of each step in bracket. 
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Appendix-1 

 

Table 1. Analysis of variance and interaction between the culture system and cultivars on 
number of shoots, number of nodes, shoot height, leaf area, chlorophyll a and chlorophyll 
bz 

zA p< 0.05 indicates a significant effect on the response measured. 

 

Table 2. Analysis of variance and interaction between the treatments (Aspirin x BA) on 
bud initiation, number of shoots, number of nodes and shoot height of hazelnut cultivar 
HF16z.  

Z A p< 0.05 indicates a significant effect on the response measured.    

 

 

 

 

 

Source of 
variance 

# shoots/explant # nodes/shoot Shoot 
height 

Leaf area Chl a Chl b 

Culture 
system < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 0.0009 

Cultivar < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Physical State 
x Cultivar < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 

Source of 
variance 

% bud 
initiation 

# shoots/explant # nodes/explant Shoot height 

BA < 0.0001 < 0.0001 0.2697  0.0504 

Aspirin < 0.0001 < 0.0001 < 0.0001 < 0.0001 

BA x Aspirin  0.0001 < 0.0001 0.4790 0.0153 
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Table 3. Analysis of variance and interaction between the treatments (SA x BA) on bud 
initiation, number of shoots, number of nodes and shoot height of hazelnut cultivar 
HF16z.  

Source of variance # shoots/explant # nodes/explant Shoot height 

BA < 0.0001 0.0097  0.0300 

SA < 0.0001 < 0.0001 < 0.0001 

BA x SA < 0.0001 < 0.0001 < 0.0001 
z A p < 0.05 indicates a significant effect on the response measured. 

 

 

Table 4. Analysis of variance and interaction between the treatments (BA x FeEDDHA) 
on bud initiation, number of shoots, number of nodes and shoot height of hazelnut 
cultivar HF16z.  

 

Source of 
variance 

% bud 
initiation 

# shoots/explant # nodes/explant Shoot height 

BA 0.1134 < 0.0001 0.0656  < 0.0001 

FeEDDHA < 0.0001 < 0.0001 0.0001 0.0012 

BA x FeEDDHA  0.0477 < 0.0001 0.3214 0.0109 
z  A p < 0.05 indicates a significant effect on the response measured. 

 

 

 

 

 

 

 


