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ABSTRACT 

In vitro regeneration and somatic embryogenesis of Agapanthus praecox ssp. minimus 

were successfully achieved in this study from three types of explants (leaf, root and 

bulb) that were cultured on MS (Murashige and Skoog, 1962) media supplemented with 

various hormones at different concentrations and on plant growth regulator-free MS 

media as control. Bulb explant was identified as the most responsive explant for direct 

regeneration of A. praecox ssp. minimus, while leaf and root explants failed to produce 

any shoots or roots. In contrast, both leaf and root explants were found to be very 

responsive in callus induction and production of somatic embryos, while bulb explants 

were the least responsive. 

 

Micropropagation of A. praecox was best achieved when bulb explants were cultured on 

MS media supplemented with 2.0 mg/L IBA and 2.0 mg/L Kinetin with mean number 

of shoots per explant of 4.50 ± 0.38, where 90.00 ± 5.57 % of the explant (bulb) 

samples had produced shoots. On the other hand, production of roots was best achieved 

through addition of 1.0 mg/L IBA and 1.0 mg/L Kinetin, with mean number of roots per 

explant of 4.47 ± 0.30. However, the use of plant growth regulator-free MS media failed 

to produce any shoots or roots from all the three explant types. 

Callus induction was successfully obtained from all explant types, depending on the 

different types of plant growth regulators being used. Induction of callus from bulb 

explants of A. praecox was only achieved from cultures supplemented with 2,4-D. The 

best plant hormone for induction of callus was also identified, where it was found that 

2.0 mg/L PIC and 2.0 mg/L 2,4-D had produced the highest dry weight of callus from 

leaf and root explants, with dry weight of callus of 0.410 ± 0.003 g and 0.600 ± 0.002 g, 

respectively. 
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The produced callus was subjected to double staining method to distinguish 

embryogenic callus from non-embryogenic callus. It was found that root explants were 

the most responsive for induction of somatic embryogenesis, where 52.38% from a total 

of 21 hormone combinations had yielded somatic embryogenic callus. Leaf explants of 

A. praecox also produced embryogenic callus when supplemented with various plant 

hormones except TDZ and Picloram (when the cultures were maintained in the dark). 

Regeneration of complete plantlets was achieved through transfer of somatic embryos 

onto plant growth regulator-free MS medium. 

Successful acclimatization of in vitro grown A. praecox ssp. minimus plantlets was 

observed from all growth substrates tested, with varied degree of response. Combination 

of red soil and black soil at a ratio of 1:1 was found to be the best growth substrate for 

A. praecox spp. minimus, in contrast to red soil, with survival rates of 96.67 ± 3.33 % 

and 73.33 ± 8.21 %, respectively. 

This study also depicted the importance of initial morphological features prior to 

acclimatization of the in vitro plantlets. It was shown that initial morphological features 

of the plantlets largely influenced the growth and survival of the plantlets, where it was 

found that plantlets with more leaves and taller in height performed better than that with 

initially fewer leaves and shorter in height. However, no obvious morphological 

abnormalities were observed visually or through scanning electron microscope (SEM), 

indicating no occurrence of somaclonal variation, as attested by cytological studies 

conducted on root meristem cells of in vivo and in vitro (with and without 1 mg/L IBA 

and 1 mg/L Kinetin) grown A. praecox. 
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The chromosome number of A. praecox was observed to be constant (30) in all samples, 

despite the addition of hormones to the growth media. However, the size of the nucleus 

and meristematic cells were found to be decreasing when cultured in vitro and with 

prolonged culture time. Similar observations were noted for ploidy levels of A. praecox, 

where prolonged culture time was found to induce the occurrence of ployploid cells. 

The beautiful violet-blue colour of A. praecox flower petals was also exploited for 

production of natural colourant. The coloured pigment was identified as anthocyanin, as 

determined through pH variation tests and UV-visible spectrophotometry. The 

production of natural colourant was achieved by mixing the extract with Poly (methyl 

methacrylate) (PMMA) resin (1:1 ratio of extract : resin) and tested via weathering tests 

to assess the durability of the produced colourant. Both salt and heating tests revealed 

that the colour of the coating did not fade (but became darker) with increasing 

temperatures. The surface of the coated glass slide was observed to be even and shiny 

upon application of the produced colourant and no surface cracks were observed with 

increasing temperatures except with extreme heat (at 100 °C), which rarely occurs in 

nature. 
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ABSTRAK 

Regenerasi lengkap secara in vitro dan embriogenesis somatik bagi tumbuhan 

Agapanthus praecox ssp. minimus telah diperoleh daripada tiga jenis eksplan (daun, 

akar dan ubi) yang telah dikultur di atas media MS (Murashige dan Skoog, 1962) yang 

telah ditambah dengan pelbagai hormon pada konsentrasi yang berbeza dan di atas 

media MS tanpa hormon. Eksplan ubi telah dikenal pasti sebagai eksplan paling 

responsif untuk regenerasi secara langsung bagi A. praecox ssp. minimus, manakala 

eksplan daun dan akar gagal menghasilkan sebarang pertumbuhan pucuk atau akar. 

Sebaliknya, kedua-dua eksplan daun dan akar telah didapati amat responsif dalam 

induksi kalus dan penghasilan embrio somatik, berbanding eksplan ubi. 

 

Propagasi secara mikro untuk tumbuhan A. praecox telah memperoleh kejayaan terbesar 

apabila eksplan ubi telah dikultur di atas media MS yang telah ditambah dengan 2.0 

mg/L IBA dan 2.0 mg/L Kinetin, dengan purata jumlah pucuk per eksplan sebanyak 

4.50 ± 0.38, di mana 90.00 ± 5.57 % daripada kesuluruhan sampel eksplan ubi telah 

menghasilkan pucuk. Disamping itu, penghasilan akar yang terbaik telah diperoleh 

melalui penambahan hormon 1.0 mg/L IBA dan 1.0 mg/L Kinetin, dengan purata 

jumlah akar per eksplan sebanyak 4.47 ± 0.30. Walau bagaimanapun, penggunaan 

media MS tanpa hormon telah gagal untuk menghasilkan pucuk atau akar daripada 

kesemua eksplan. 

Induksi kalus telah berjaya diperoleh daripada kesemua eksplan yang dikaji, bergantung 

kepada jenis hormon tumbuhan yang telah digunakan. Induksi kalus daripada eksplan 

ubi untuk tumbuhan A. praecox hanya berjaya diperoleh apabila kultur telah dibekalkan 

dengan 2,4-D. Hormon terbaik untuk induksi kalus juga telah dikenal pasti, dimana 2.0 

mg/L PIC dan 2.0 mg/L 2,4-D telah berjaya menghasilkan kalus daripada eksplan daun 
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dan akar dengan berat bersih tertinggi, iaitu sebanyak  0.410 ± 0.003 g dan 0.600 ± 

0.002 g setiap satu. 

Kalus yang telah dihasilkan kemudiannya didedahkan kepada kaedah ‘double staining’ 

untuk membezakan kalus embriogenik dan kalus bukan embriogenik. Eksplan akar telah 

didapati sebagai eksplan yang paling responsif untuk induksi kalus embriogenesis, 

dimana 52.38 % daripada kesemua 21 hormon telah menghasilkan kalus embriogenik. 

Eksplan daun juga menghasilkan kalus embriogenik apabila dibekalkan dengan pelbagai 

hormon kecuali TDZ dan Picloram (apabila kultur disimpan di dalam gelap). 

Regenerasi anak pokok yang lengkap telah berjaya diperoleh melalui pemindahan 

embrio somatik ke dalam MS media tanpa hormon. 

Tumbuhan A. praecox ssp. minimus telah berjaya diaklimatasi di atas kesemua substrat 

pertumbuhan yang diuji, tetapi dengan pelbagai darjah tindak balas. Kombinasi tanah 

merah dan tanah hitam pada nisbah 1:1 telah didapati sebagai substrat pertumbuhan 

paling berjaya untuk pertumbuhan A. praecox ssp. minimus (96.67 ± 3.33 %), 

berbanding tanah merah yang hanya menunjukkan kadar kelangsungan hidup sebanyak 

73.33 ± 8.21 %. 

Kajian ini juga menyingkap kepentingan ciri-ciri awal morfologi sebelum aklimatasi 

anak pokok in vitro dijalankan. Ciri-ciri awal morfologi tumbuhan sebelum aklimatasi 

telah didapati amat mempengaruhi pertumbuhan dan kelansungan hidup anak pokok 

tersebut, di mana anak pokok yang mempunyai jumlah daun asal yang lebih banyak dan 

anak pokok yang lebih tinggi telah didapati menunjukkan prestasi yang lebih baik 

berbanding anak pokok yang mempunyai jumlah daun yang sedikit dan anak pokok 

yang rendah. Walau bagaimanapun, tiada abnormaliti yang jelas telah diperhatikan dari 
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segi morfologi (dari segi pandangan mata kasar atau melalui kaedah SEM), 

mununjukkan tiada berlakunya variasi somaklonal. Ini telah disahkan melalui kajian 

sitologi yang telah dijalankan ke atas sel meristem akar tumbuhan A. praecox yang 

tumbuh secara in vivo dan in vitro (dengan atau tanpa 1 mg/L IBA dan 1 mg/L Kinetin). 

Bilangan kromosom A. praecox telah diperhatikan malar (30) dalam semua sampel, 

walaupun dengan penambahan hormon pada media pertumbuhan. Walau 

bagaimanapun, saiz nucleus dan saiz sel didapati akan berkurangan apabila berada di 

dalam keadaan in vitro dan dengan tempoh kultur yang berpanjangan. Pemerhatian yang 

serupa telah didapati untuk tahap ‘ploidy’ A. praecox, dimana tempoh kultur yang 

panjang telah mempengaruhi kearah kewujudan sel-sel ‘polyploid’. 

Selain daripada itu, warna biru-ungu kelopak bunga A. praecox yang menarik telah 

dieksploitasi untuk menghasilkan pewarna semulajadi. Pigmen berwarna tersebut telah 

dikenal pasti sebagai antosianin, melalui ujian variasi pH dan ‘UV-visible’ 

spektrofotometri. Penghasilan pewarna semulajadi telah berjaya dicapai dengan cara 

mencampurkan ekstrak dengan resin Poly (methyl methacrylate) (PMMA) (pada nisbah 

1:1) dan pewarna tersebut telah diuji melalui ujian luluhawa bagi menilai ketahanan 

pewarna tersebut. Kedua-dua ujian garam dan ujian pemanasan telah mendedahkan 

bahawa salutan warna yang dihasilkan tidah pudar (tetapi menjadi lebih gelap) dengan 

peningkatan suhu. Selain itu, permukaan slaid kaca tersebut diperhatikan sekata dan 

berkilat apabila disalut bahan pewarna semulajadi tersebut, dan tiada keretakan telah 

diperhati pada permukaan slaid kaca tersebut dengan peningkatan suhu, kecuali pada 

suhu melampau (100 °C) yang amat jarang berlaku. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

1.1 GENERAL INTRODUCTION ON PLANT BREEDING 

 

Generally, plant breeding can be divided into two group of activities, namely 

manipulation of genetic variability and plant evaluation (Kleese and Duvick, 1980). 

Throughout history, humans depend on plants for shelter (building materials), to control 

Earth’s temperature, to provide balance in carbon dioxide and oxygen production and 

mostly for food. Previously, selection of plants were simple, where the best ones (in 

terms of their growth performance in the field, yield, taste and et cetera) were chosen 

and were then subjected to controlled pollination to produce superior plants, far better 

than the parent plants (Brown and Thorpe, 1995). To date, advanced scientific 

techniques such as genetic engineering and tissue culture are being widely used to 

ensure an efficient and successful breeding of these superior plants. 

 

The most important aim of plant breeding is to produce good crops to fulfil the 

demand for food. The most outstanding achievement in the history of plant breeding is 

the Green Revolution. In 1960s, new higher-yielding varieties of wheat, rice and maize 

were introduced to cater for the demand of foods in the developing countries and had 

managed to keep up with the population growth (Conway and Toenniessen, 1999). 

However, nowadays, as the world population keeps increasing, more lands are occupied 

by men; hence the lands to be utilized for food production are lacking (Conway and 

Toenniessen, 1999; Delmer, 2005). The populations in most developing countries are 

increasing significantly and it is expected that by the year 2020 there is going to be an 

extra 1.5 billion mouths to feed, especially in those developing nations (Conway and 
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Toenniessen, 1999). This therefore gives rise to the most important question of how 

they are going to be fed and if the food source will be sufficient to sustain the 

population growth. 

 

This is where the integration of basic plant science into plant breeding became 

important. As a result of basic plant science knowledge, significant improvement in 

terms of yield and yield stability had been achieved, such as by improving plant 

architecture and introducing resistance to pests and pathogens in crop plants (Huang et 

al., 2002; EPSO, 2005). Other than that, plant breeding has also been one of the most 

important tools to select out beneficial traits.  

 

Basic plant science research also has allowed plant breeders to understand the 

concept of qualitative and quantitative traits that illustrate the occurrence of either just a 

simple segregation of discrete phenotypes (qualitative) or a wide spread of phenotypic 

variation (quantitative) (EPSO, 2005). Besides that, knowledge gained from plant 

science research also allows scientists to understand about the biochemical pathways 

and molecular processes that affect those beneficial or favourable traits (EPSO, 2005). 

For example: traits that allow plants to tolerate or withstand biotic and abiotic stresses. 

These information or knowledge thus gives the possibility of exploiting the molecular 

pathways for plant breeding purpose. However, currently, this is yet to be achieved for 

many important crops, due to the lack of information and difficulty in understanding 

those pathways involved.  

 

Recent advances in genomics and plant molecular biology becomes important, 

as they help to speed up the process of crops improvement. Generally, there are three 

complementary steps involved; genetic engineering, the use of genomics-derived tools 
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and to increase crop diversity (EPSO, 2005). The use of genetic engineering was 

introduced in 1983 and became widespread since mid 1990s (EPSO, 2005). Genetic 

engineering is very important especially to help overcoming the sexual-barrier between 

plants and to introgress beneficial recalcitrant genes into crop plants (Cohen, 2005; 

EPSO, 2005; Rajaram, 2005).  

 

On the other hand, genomics-derived tools such as Molecular Marker-assisted 

Selection (MAS), QTL mapping and association studies has helped advancing plant 

breeding significantly, especially since the last 10 years (Peleman and Van Der Voort, 

2003; EPSO, 2005). MAS employs the use molecular marker as a tool in diagnostic 

tests, such as to test for a difference (example: single nucleotide polymorphism or SNP) 

in the DNA sequence (Peleman and Van Der Voort, 2003). The third aspect that is 

essential for future plant breeding is to conserve genetic variability or diversity (EPSO, 

2005). There were about 4000 species of plants that have been used as food source in 

the past 1000 years (EPSO, 2005).  

 

However, due to domestication of plants, only a small number of plants are used 

and agriculturally grown as food source and the rest were abandoned (EPSO, 2005; 

Rothstein, 2007). Although this may be beneficial to humans in terms of producing 

better crops for food source, this leads to a severe decrease in genetic variability (EPSO, 

2005; Rothstein, 2007). This is because only a little part of the whole available 

germplasm was used or domesticated. However, this can be tackled by back-crossing 

the crops with the wild type plants (EPSO, 2005). Therefore, it is very important to 

ensure that the source of wild type plants must not be jeopardized. This can be achieved 

by conserving those valuable genes or seeds in a gene bank or a seed bank and et cetera.  
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 Therefore, plant breeding is indeed one of the important tools in ensuring 

sustainability of food production. However, as a result of global population growth, it is 

undeniable that food security has become one of the most major concerns especially for 

developing and poor countries. This therefore calls for a better and more effective plant 

breeding approach to be implemented. 

 

1.1.1 The Need for Sustainable Food Production 

Sustainable agricultural development can be defined as the way towards 

fulfilling the current demand, whilst not affecting the future generations’ aptitude in 

fulfilling their own needs in the future (WCED, 1987). The Food and Agricultural 

Organization of the United Nations (FAO) however define sustainable agricultural 

development as the means of utilizing both the resource use and environmental 

management to achieve an increased and sustainable production, to achieve food 

security, to secure livehoods and most importantly to achieve equity and incorporating 

collective participation among everybody during the development process (FAO, 1981). 

Agricultural sustainability and food sufficiency are some of the main issues affecting 

the world today.  

 

In Malaysia for instance, as of July 2011, the Malaysian population has reached 

about 28,728,607, with a population growth rate of 1.576% (Indexmundi, 2012). With 

such population growth rate, it is important for Malaysia to ensure for a sustainable crop 

production to fulfill the demand of the fast growing population. 

 

1.1.2 Plant Breeding Ensures Agricultural Sustainability and Food Security 

One of the key factors that can contribute to agricultural sustainability is plant 

breeding, where it aims to produce good crops to fulfill the demand for food. There are 
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many ways that have been exploited towards achieving agricultural sustainability such 

as adopting new and improved plant breeding technologies (such as molecular marker 

assisted selection (MAS) and tissue culture), exploiting hybrid vigor, polyploidy, 

genetic engineering, better irrigation, soil management and better pest and diseases 

control (Nijkamp and Vindigni, 2000; Rajaram, 2005).  

 

For example, tissue culture is one of the best methods that can be used to 

propagate plants that have long generation time and therefore increase yield and 

production (Kodym and Zapata-Arias, 2001; Firoozabady et al., 2006). Examples of 

plants that have been propagated by the means of tissue culture include oil palm, banana 

and pineapple (Kodym and Zapata-Arias, 2001; Firoozabady et al., 2006).  

 

Genetic engineering on the other hand has also become one of the most talked 

technologies to overcome food shortages in the future, as it allows for the generation of 

better and improved crop plants by introgressing beneficial genes into the crop (EPSO, 

2005). Genetic engineering had been used to overcome the sexual-barrier between 

plants and to introgress beneficial recalcitrant genes into crop plants (Cohen, 2005; 

EPSO, 2005; Rajaram, 2005). Other than that, breeders and farmers have also been 

exploiting hybrid vigor to produce better and more superior crop plants. This is done by 

crossing crop plants with each other to get a superior hybrid that have the beneficial 

genes and traits from both the parents.  

 

1.1.3 Environmental Factors Versus Agricultural Sustainability 

All those explained earlier are all agricultural-based methods on how to produce 

better plants and to ensure for better yield and production. However, there are also other 

important factors that can impact food security of the future. These are the 
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environmental factors, such as soil, water and the atmosphere (Nijkamp and Vindigni, 

2000). Efficient agricultural practices will have an impact on the level of production and 

indirectly will also affect the global environment (MARDI, 2008). There are evidences 

showing that climate change have an impact on plants. For example, plant function is 

related to the concentration of carbon dioxide in the atmosphere (as carbon dioxide is 

one of the most very essential aspect required for photosynthesis to support plant 

growth and development) (MARDI, 2008). Therefore, it is evident that even on the 

smallest scales, the overall climate will have an effect on the immediate environment 

surrounding the plants, hence will directly impact the physiological processes within the 

plants (MARDI, 2008). On larger scales however, the effect is more significant as even 

a small change of the climate can affect the viability, growth requirements and 

performances of agricultural crops (MARDI, 2008). This therefore calls for a better 

approach and the need for sustainable and environmental friendlier agricultural 

methods. 

 

This is where effective soil management and pests and diseases management 

became very important. As for soil management, soil erosion and degradation had 

become some of the major issues affecting food production of today (McKool et al., 

2001; Akinrinde, 2006). This is because poor soil condition and the leaching of 

nutrients from the soil will directly impact the plants’ growth and therefore will have a 

severe effect on the yield and production (McKool et al., 2001; Akinrinde, 2006). This 

however has been dealt with for years by applying more fertilizer (McKool et al., 2001; 

Akinrinde, 2006). But this option however it might help in improving the yield, may not 

be as good to the environment; hence will indirectly affect the crops again. This is 

because too much fertilizer use will increase the possibility of the leaching out of those 

nutrients into the irrigation water and hence into the other water sources nearby; thus 
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polluting the water and if the concentration is too high, it would be toxic to other 

animals and humans as well.  

 

Similar to this, a good pests and diseases management is also important, as too 

much herbicide and pesticide use are harmful to the environment. One good way to deal 

with this is by incorporating a method called the Integrated Pest Management (IPM), 

where it calls for efficient use of herbicides and pesticides to control pests and diseases 

while taking care of the environment (Struik et al., 1997; Platt et al., 2000; CIP, 2008; 

FAO, 2008). One example of the use of IPM on crop plants is on potatoes. Both the 

International Potato Center (CIP) and the FAO (Food and Agriculture Organization of 

the United Nations) have been promoting IPM as the most preferred pest control 

strategy during potato production (CIP, 2008; FAO, 2008).  

 

This method aims to maintain pest populations at acceptable levels and keep 

pesticides and other interventions to levels that are justified economically and yet is safe 

for the environment and human health (Garden, 2000; Platt et al., 2000; Virgen-Calleros 

et al., 2000; CIP, 2008; FAO, 2008). For example, the FAO has promoted IPM in many 

developing countries by using Farmer Field Schools; where the farmers are trained to 

identify insects and diseases and attempt to improve crop yield and productivity by 

using other means available while decreasing pesticide use at the same time (CIP, 2008; 

FAO, 2008). 

 

1.1.4 Genetic Engineering to Overcome Environmental Concerns and Achieve 

Superior Cultivars 

The modern agriculture of today largely depends on purchased inputs such as 

using new genetic varieties (obtained through exploiting hybrid vigor, genetic 
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engineering or by other means), irrigation technology, fertilizer use, pests and diseases 

control programs, mechanical equipments and machineries (Chrispeels and Sadava, 

2003). During the last 40 years, breeders have opted to use biotechnology as the tool for 

genetic crops improvement, such as genetic engineering to introgress genes into other 

unrelated organisms (Chrispeels and Sadava, 2003).  

 

This is important as it allows for the generation of elite and superior crop 

varieties that can adapt to local soil and climate conditions (Chrispeels and Sadava, 

2003). However, such practices are raising concerns about the sustainability of crop 

production, as they also yielded in negative impacts on the environment such as 

pollution (through pesticides use), emission of greenhouse gasses (such as too carbon 

dioxide into the air will contribute to climate change, hence indirectly affecting plant 

growth), soil erosion and degradation and most importantly, the loss of the landraces 

(the wild type crops) and affecting biodiversity. Thus, this calls for the development of 

new technologies or improving the existing ones to ensure that the agricultural practices 

will benefit the humans and are sustainable for the future, whilst taking care of the 

environment. 

 

Therefore, in terms of achieving self-sufficiency of food production in Malaysia, 

more efforts need to be done. This is because Malaysia is a relatively small country 

(328,550 sq km) compared to other countries such as Australia and the United States of 

America (Induxmundi, 2008). Being a small country, most of the lands are occupied by 

men and hence, less lands can be fully utilized for food production.  

 

Currently, Malaysia focuses on growing a few major crops such as oil palm, 

paddy and also rubber. In order to achieve self-sufficiency for food production, 
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Malaysia has to grow a lot of food crops (example: paddy, because rice is the staple 

food of the country). At present, although Malaysia is growing paddy, the country still 

imports rice from neighbouring countries such as Thailand and Indonesia. As the price 

of rice is increasing, it is a concern if Malaysia can continue to cater for food (especially 

rice) to sustain the population growth of the country. It is due to this that government 

agencies such as MARDI have taken the initiatives to produce higher-yielding crop 

varieties such as rice.  

 

To date, the probability of achieving self-sufficiency for food production in 

Malaysia is still a far-fetched, though possible. Currently, Malaysia is depending on 

other profitable crops such as oil palm and rubber to cater for the need of importing 

foods (such as rice) into the country. Hence, it is undeniable that new technologies need 

to be developed and the existing technologies need to be improved in order to make 

agriculture sustainable for the future and also to ensure for food security for the country. 
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1.2 PLANT TISSUE CULTURE 

 

The need for a sustainable food production is undeniably increasing. Hence, in 

order to fulfill the demand for food and to achieve a sustainable food production, plant 

breeding serves as a very vital tool. An example of plant breeding methods includes the 

use of tissue culture in plant regeneration and propagation. In vitro technique or tissue 

culture technique are an alternative propagation method which plays a very essential 

role in plant biotechnology. It can serve as a mean to improve the existing plant 

cultivars, to protect the cultivars from extinction (by producing artificial seeds for 

conservation, production of clonal propagation etc.) and also to shorten the required 

time to generate the plants, as compared to conventional breeding (Akbar et al., 2003). 

Other than that, in vitro methods or micropropagation techniques can also be used to 

produce large amounts of uniform planting materials (uniform in quality and type) and 

to produce genetically engineered plant products and disease-free plants (Maluszynski 

et al., 1995). 

 

One example where the use of tissue culture has become increasingly in demand 

is in the oil palm industry. Malaysia is one of the leading countries in the world to 

export palm oil, contributing to approximately 48% of the world palm oil production 

followed by Indonesia (35%) and other countries (Soh et al., 2003). This makes oil 

palm as one of the most valuable economic resources of the country. Due to such 

importance, many researches has been done to improve the oil palm cultivars and to 

obtain the highest yielding cultivar with enhanced oil production. One of the most 

sought-after technique is tissue culture, where high yielding cultivars were produced 

clonally (Soh et al., 2003).  
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1.2.1 Micropopagation 

Micropopagation is a term used to describe laboratory activities to produce 

plantlets from explants or callus of a parent plant (Brown and Thorpe, 1995). In theory, 

all plants can be subjected to micropopagation to generate vast amounts of offspring 

plantlets. However, this is subjected to several limitations. Successful micropopagation 

protocols have been developed for various species (Debergh and Read, 1991), but its 

use in large-scale production has become limited due to a variety of factors including 

the need of asepsis (which accounts for almost 70% of the production costs), labour 

costs for sub-culturing the micropopagated tissues between the tissue culture vessels 

and also problems with genetic variations in the resulting plantlets (such as polyploidy, 

aneuploidy and mutations, therefore reducing the economic values of the produced 

plantlets), vitrification, acclimatization and contamination problems (Brown and 

Thorpe, 1995). 

 

1.2.2 Somatic Embryogenesis 

In plants, somatic embryos that looked like zygotic embryo-like structures can 

be generated from cells (for example, somatic cells) other than from gametes, by 

avoiding the normal fertilization process (Deo et al., 2010). This process is termed as 

‘somatic embryogenesis’, whereby it is a process in which embryos that are genetically 

identical or clones of the parent plant are produced without prior fertilization process 

(Deo et al., 2010). This process can occur either directly or indirectly. The latter 

involves dedifferentiation of organized tissue to form callus before production of 

embryos (Slater et al., 2003). Direct somatic embryogenesis on the other hand occurred 

when embryos are formed from organized tissue without going through a callus phase 

(Slater et al., 2003). 
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The anatomy and physiological features of somatic embryos are similar to 

zygotic embryos, despite the manner in which they are produced; either through direct 

or indirect somatic embryogenesis (Cheng and Raghavan, 1985; Gray, 1992; 

Zimmerman, 1993). The somatic embryos undergo several phases of development, 

namely globular, heart, torpedo and cotyledonary stages prior to production of 

microshoots (Zimmerman, 1993). 

 

Somatic embryogenesis is undoubtedly a very beneficial tool in plant 

biotechnology and this can be manipulated to serve many valuable objectives. Somatic 

embryogenesis can be utilized as an alternative strategy to propagate clones of elite 

cultivars instead of relying on conventional micropopagation, especially for large-scale 

production (Zimmermann, 1993; Bandyopadhay and Hamill, 2000). One example, 

Shrikhande et al. (1993) reported successful propagation of elite Neem (Azadirachta 

indica) trees and also identification of variant lines via utilization of indirect somatic 

embryogenesis through callus induction. Somatic embryos can also be utilized to 

produce synthetic seeds of elite cultivars, therefore serving as a more practical approach 

in terms of transferring germplasm in a less fragile form compared to moving in vitro 

plantlets and also to aid direct seeding of these elite cultivars in large-scale areas 

(Saiprasad, 2001). 

 

Somatic embryogenesis also serves as a valuable tool in studying molecular, 

regulatory and morphogenesis of plant embryogenesis (Zimmerman, 1993; 

Bandyopadhay and Hamill, 2000; Saiprasad, 2001). Indirect somatic embryogenesis 

through the production of callus as well as secondary embryogenesis can aid gene 

transfer protocols for genetic improvement technologies (Saiprasad, 2001). Secondary 

embryogenesis is a term used to describe repetitive embryogenesis, whereby somatic 
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embryos are produced using somatic embryos as initial explants (Kamle et al., 2011). 

Secondary embryogenesis have been reported in nearly one hundred species 

(Raemakers et al., 1995). 

 

Alongside conventional breeding programs, integration of somatic 

embryogenesis have helped to boost the rate of genetic improvement of commercial 

crop species (Stasolla and Yeung, 2003) such as banana, papaya and mango, which 

have high commercial values in fruit industry (Kamle, 2011). With genetic 

improvement of these commercial fruit trees, many traits are deemed desirable. This 

includes pest resistance, disease resistance, delayed ripening, improved fruit quality, 

cold and drought tolerance, reduced juvenility and many more (Kamle, 2011). These are 

done by targeting the cells with embryogenic competence and ingeniously alter the 

genotype, therefore affecting one or more (specific) horticultural traits (Litz and Gray, 

1995). 

 

Somatic embryogenesis is very commercially attractive, due to the possibility of 

scaling up the production of plants via multiplication of embryogenic cells (Jime!nez, 

2001). This therefore made this technique very practical and largely benefits the 

agricultural industry, especially in terms of enabling the production of vast amounts of 

somatic embryos in vitro, with production capability of up to 1.35 million of somatic 

embryos being produced per litre of the culture medium, as reported by Deo et al. 

(2010). From these, about 40% of the embryos will germinate into normal plantlets 

(Bhaskaran and Smith, 1992). 

 

Other than that, somatic embryogenesis is less time-consuming than 

conventional micropopagation as it allows simultaneous shoot and root regeneration, 
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therefore removing the need for root induction stage. For example, Firoozabady and 

Moy (2004) had reported successful somatic embryogenesis of pineapple, Ananas 

comosus var comosus and had demonstrated that the amount of time needed to 

regenerate the Ananas plantlets was significantly shorter than the amount of time 

needed via the conventional method of vegetative propagation.  

 

Apart from that, another benefit of this protocol is that the development of the 

embryogenic tissues is fast and routine and they can be cryo-preserved, proliferated and 

can be used continuously as explants for future use, without fear of any loss of 

embryogenesis capability, as exemplified by the Ananas embryogenic tissues, which 

had 5 years totipotency (Firoozabady and Moy, 2004). 

 

1.2.3 Limitations of Somatic Embryogenesis 

Despite the many advantages and potentials portrayed by somatic 

embryogenesis, it also possess several limitations. This includes non-synchronous 

development of somatic embryos (Zimmerman, 1993; Zegzouti et al., 2001), where 

embryos of all shapes and stages may be present in a culture system at one time. 

 

Other than that, the stability of cell lines can also be problematic in long-term 

cultures, where the number of cells that go through embryogenesis may decrease over 

time, ultimately causing failure in subsequent regeneration (Deo et al., 2010). This may 

also lead to somaclonal variation, where prolonged culture time may cause mutations in 

the cell lines, such as multiple apex formation, pluricotyledony and fused cotyledons 

(Evans et al., 1983). However, the occurrence of somaclonal variation is not unique to 

somatic embryogenesis, but can also occur with conventional micropopagation. 

However, this may also serve as an advantage, as somaclonal variants produced as a 
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result of somatic embryogenesis can be manipulated to produce valuable and novel 

varieties. 

 

1.2.4 Somaclonal Variation 

However, the use of tissue culture has also brought along some undesirable 

effects, such as the occurrence of somaclonal variation. Despite the reports that 

somaclonal variation often arises due to tissue culture propagation, such incidences are 

actually not unique to in vitro propagation only. According to Cullis (2005), somaclonal 

variation can also occur naturally in somatic and reproductive tissues in plants, due to 

genomic shock or plasticity. This phenomenon is often observed when the plants have 

exhausted its usual physiological responses to environmental stress (Cullis, 1999), 

hence also explaining the underlying cause of its usual occurrence in tissue culture, 

whereby the plants are unable to withstand the stress of tissue culture.  

 

Besides that, it has also been proposed that the incidences of somaclonal 

variation may also have been triggered at the molecular level, but many studies are yet 

to be done to further prove this hypothesis (Cullis et al., 2007). However, many studies 

have suggested gene repression to be one of the most likely factors behind this problem 

and that somaclonal variation is actually an epigenetic problem. Factors such as histone 

methylation, DNA methylation and histone deacetylation can result in genetic 

repression. For example, in the case of histone deacetylases, they are involved in 

eukaryotic gene regulation by catalizing the removal of acetyl groups from the lysine 

resides on histones, therefore they respress gene expression at the transcriptional level 

(Tian and Chen, 2001; Probst et al., 2004; Chang and Pikaard, 2005; Tian et al., 2005; 

Chen and Tian, 2007). 
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 Not only that, there are also many external factors involved behind the 

occurrence of somaclonal variation, such as the source of explants, the use of plant 

growth regulators (PGR), genetic make-up (genotype, ploidy) of the explant source and 

also the departure from organized meristematic growth (Karp, 1991). 

 

1.2.5 Cell Cycle and Detection of Somaclonal Variation through Cellular 

Behaviour 

Growth of an organism is supported by a process called mitosis, which include 

replications of DNA and cell divisions to generate more cells in order for an organism 

to grow or for tissue repair. Mitosis is essential in keeping the number of chromatids 

within each daughter cell constant by ensuring that every mother cell is uniformly 

divided into two daugher cells with similar nuclear gene complement (DNA content). 

However, DNA replication does not occur during mitosis but during interphase, a 

process that occurs prior to mitosis (Swift, 1950). Interphase involves three important 

phases, namely the G1 phase, S phase and G2 phase (Howard and Pelc, 1953). 

Interphase coupled with mitosis is termed as the ‘cell cycle’ (Howard and Pelc, 1953). 

 

G1 phase (DNA pre-synthetic phase) is a period whereby protein and RNA 

(ribonucleic acid) are being synthesized, in which the nuclei would have a nuclear DNA 

C-value of 2C. During the S phase (DNA phase), DNA is synthesized and histones are 

formed, in which the nuclei would have a nuclear DNA C-value of 2C at the beginning 

of S phase but soon doubled to 4C at the end of S phase (Van’t Hof, 1973). This is 

followed by G2 phase (DNA post-synthetic phase) in which the nuclei would still have 

a nuclear DNA C-value of 4C. Following interphase, cell division or mitosis would 

divide the mother cell into two daughter cells consisting of equal amounts of DNA 

(with nuclear DNA C-value of 2C in each cell). 
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Somaclonal variation can easily be detected through distinct morphological 

abnormalities that distinguish a plant from the rest of its siblings. According to Partanen 

(1963), plant species are commonly characterized based on its morphology and 

chromosomal stability. In general, the meristematic regions such as root or shoot tips 

undergo diploid chromosomal complement, although non-meristematic regions (within 

the same individual plant) may have varied chromosomal numbers triggered by somatic 

chromosomal inconsistency (Partanen, 1963).  

 

This incidence was associated with many factors, such as disturbance in the 

normal cell multiplication due to abnormal mitotic spindle, continuous DNA 

replications accompanied by lack of mitosis and chromosome breakage, which may lead 

to an increase of chromosomal material and et cetera (Sunderland, 1973). Chromosome 

breakage can affect the chromosome count within a nucleus and alter the structural 

arrangements between the chromosomes, which in turn would affect the DNA content 

of the cell (Sunderland, 1973). Furthermore, abnormalities in spindle fibers can affect 

the separation of chromosomes and result in changes of nuclear DNA amount 

(Sunderland, 1973). On the other hand, repeated DNA replication with the lack of 

mitosis would result in an increase of DNA content and chromosome girth, without 

affecting the chromosome number (Sunderland, 1973). 

 

Repeated DNA replications and doubling of chromosomes (from 2n to 4n, 8n, 

16n and et cetera) contributed to the occurrence of polyploid cells through 

‘endomitosis’ where sister chromatids would separate without the help of spindle fibers 

within the nuclear membrane (Sunderland, 1973; Nagl, 1974). As a result, the diploid 

cell would consist of four sets of chromosomes (4n) instead of 2n, therefore acquiring a 

DNA C-value of 4C.  
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Studies on the cellular behaviour of the meristematic cells of a species would 

provide informations on the cellular changes that might have occurred as a result of 

tissue culture and/or somaclonal variations.   

 

1.2.6 Factors Affecting the Success of Tissue Culture 

However, the success of tissue culture is still largely determined by a few 

factors, such as the origin of the explant and the culture medium. For example, in tissue 

culture, generally, there are a few parts on the explant that has been identified as an 

excellent source for regeneration of friable callus via tissue culture, such as the tissue 

from shoots or roots of the seedlings, nondormant buds and from shoot tips (Gamborg 

et al., 1976). Other than that, in tissue culture of grasses or cereals species, the root 

tissues or the mesocotyl part has been identified as the best source for callus production 

and also for suspension cultures (Gamborg et al., 1976). 

 

Another important influential factor is the composition of the medium being 

used in the culture process (Gamborg et al., 1976). This is because the composition of 

the culture media will largely determine the success of growth of the cultured plants, as 

the media is responsible in supplying the seedlings with the essential nutrients needed 

for growth. For example, in the early years of tissue culture experiments, The White 

(1963) medium had been adopted in tissue culture experiments, due to the fact that it 

contained the necessary nutrients that were vital for plant cells growth, particularly in 

root cultures (Gamborg et al., 1976).  

 

However, many modifications had been done since then to improve the culture 

media in order to allow for a more efficient and successful growth of plant cells. For 

example, in order to help relinquish the need for a richer mineral salt mixture, protein 
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hydrolysates, amino acids, yeast extracts and even coconut milk had been added as a 

composition in the culture media. This was because the White (1963) media was found 

to be insufficient in terms of its potassium and nitrogen content to maintain and 

guarantee a maximum callus formation and cell suspension cultures. 

 

Eventually, since then, many culture media has been developed and 

implemented in tissue culture experiments, in which they are more complete and 

sufficient in sustaining cells growth under most experimental conditions, without the 

addition of other complex ingredients (Gamborg et al., 1976). To date, the most widely 

used culture media is the MS (Murashige and Skoog, 1962) media, as it is suitable for 

tissue culture of almost all plant species. MS media contains a wide range of important 

mineral salts, vitamins and a carbon source (for example: sucrose) and is distinctive 

from the rest of the other culture media as it also contains a high amount of potassium, 

nitrate and ammonium, comparative to the other commercial nutrient media. The use of 

MS media has been proven to be very successful in the culture of callus on agar, cell 

suspension cultures in liquid media and also in morphogenetic studies of tobacco 

(Gamborg et al., 1976).  

 

1.2.7 Coffee Breeding to Exemplify the Success of Tissue Culture 

An outstanding example where tissue culture is important is in the case of coffee 

breeding. Coffee is one of the most important beverages nowadays, which belongs to 

the genus Coffea from the family Rubiaceae. Currently, there are more than 100 coffee 

species that are known, but the commercial cultivation of coffee depends on two 

particular species only, namely the amphidiploid Coffea arabica L. and the diploid C. 

canephora Pierre (Etienne et al., 2002; Aggarwal et al., 2006; Bhat et al., 2005; Baruah 

et al., 2003; Varshney and Tuberosa, 2007). Hence, the issues of sustainability of coffee 
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to keep up with the ever-increasing demand is by conducting various efforts to develop 

better coffee genotypes (Baruah et al., 2003; Varshney and Tuberosa, 2007) and to find 

ways to assist genetic improvement on coffee. However, efforts such as the 

development of SSR (simple sequence repeats) markers for coffee has been really slow 

and at present, only approximately 150 microsatellite markers have been found 

(Aggarwal et al., 2006).  

 

The need for genetic improvement of coffee to assist conventional breeding 

methods are very significant, as such conventional efforts have been very constrained 

because of the narrow genetic base of the Arabica gene pool, the lack of proficient 

breeding tools and linkage maps, differences in ploidy level among the different coffee 

species and also due to the long time needed for the coffee fruits to develop (Baruah et 

al., 2003; Varshney and Tuberosa, 2007). Again, this is where the need of DNA marker 

technology such as the use of genetic markers and marker assisted breeding became 

very crucial, as these provide the probability of overcoming such limitations in coffee 

breeding (Baruah et al., 2003; Varshney and Tuberosa, 2007). 

 

During the last 10 years, many crucial progresses have been achieved especially 

in terms of developing new biotechnological techniques to be used in coffee breeding 

(Etienne et al., 2002). For example, the molecular phylogeny of Coffea species had been 

successfully achieved by using DNA sequence data and those molecular markers have 

allowed us to acknowledge the severely narrow genetic diversity between C. canephora 

and Coffea arabica (Etienne et al., 2002). But fortunately, wild coffea species had been 

found in the highlands of Ethiopia and hence serve as a precious gene pool (Etienne et 

al., 2002). Other than that, a complete genetic linkage map of C. canephora had also 

been established and one on C. arabica is being currently generated (Etienne et al., 
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2002). Apart from that, Molecular Assisted Selection (MAS) has also been used in 

coffee breeding to aid the breeding programs.  

 

Other than those advances, other means such as the manipulation of caffeine 

biosynthetic pathway and in vitro propagation of coffee has also been approached 

(Etienne et al., 2002). The in vitro propagation technique, especially via somatic 

embryogenesis had proven to be beneficial as it provides the probability of yielding 

superior hybrids between C. arabica and C. canephora (Etienne et al., 2002). This 

hence offers an interesting alternative for commercial breeding purpose, other than just 

to use conventional breeding methods. However, there is also a downside for this, as it 

has been found that as a result of the in vitro propagation of coffee, somaclonal 

variation may also arise (Etienne et al., 2002). The probability of this occurring is 

between 3% to 10%, depending on the genotype of the species being used (Etienne et 

al., 2002). 

 

There are several procedures that had been exploited in somatic embryogenesis 

of coffee, namely the ‘low frequency’ method and the ‘high frequency’ method. Via the 

‘low frequency’ method, up to 100 somatic embryos can be produced from one explant 

in a short time (approximately 70 days) and is conducted on one medium only without 

having to go through the callus phase (Berthouly and Etienne, 1999; Etienne et al., 

2002). In contrary, via the ‘high frequency’ method, two media were used; namely the 

induction medium to aid for primary callogenesis and a secondary regeneration medium 

to generate embryogenic friable callus (Etienne et al., 2002). In the ‘high frequency’ 

method, a few hundred thousand of somatic embryos can be generated from a gram of 

callus cells, but this method will take a much longer time to finish (from 7 to 10 
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months) (Sondahl and Sharp, 1977; Dublin, 1984; Berthouly and Michaux-Ferrie`re, 

1996; Etienne et al., 2002).  

 

However, as mentioned earlier, there are some problems arisen due to this in 

vitro technique, where the somatic embryo quality is quite problematic, for example, 

there had been some morphological abnormalities, asynchronous development, 

hyperhydricity and size heterogeneity were observed (Etienne et al., 2002). Apart from 

that, it had also been reported that there is a slight problem faced to extend the embryo 

development to pass through the torpedo stage if a liquid medium was used (Etienne et 

al., 2002).  

 

The probability of generating normal embryos with normal torpedo morphology 

ranges from 7% to 20% and not only that, those somatic embryos need to be selected 

manually by hand and are then subcultured oftenly to progress through the in vitro 

germination process (Etienne et al., 2002). Unfortunately, despite the laborious work, 

this only yields in quite a low plant conversion rates, ranging from 30% to 60% only. 

Other than that, due to the laborious work that needs to be done, this also caused quite a 

significant increase in terms of cost; hence explaining the reason why somatic 

embryogenesis has never been applied in the commercial breeding of coffee, despite its 

promising benefits (Etienne et al., 2002).  

 

As exemplified earlier, somatic embryogenesis can serve as another option to 

conventional breeding approach to propagate coffee and hence can further reduce the 

generation time and breeding efficiency. However, the possibility of obtaining 

somaclonal variants as a result of this is quite disappointing and this is made worse by 

the fact that the probability of generating somaclonal variants is varied and its 
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occurrence is unpredictable. However, there is one way that can be proposed to 

overcome this problem, namely to produce a molecular marker that can detect this 

problem at a very early stage, before the plantlets are planted in the field. It is very 

possible that somaclonal variation may have arisen due to tissue culture stress, or even 

due to some epigenetic conditions at the molecular level.  

 

In this thesis, an efficient regeneration system of a liliaceous ornamental plant 

Agapanthus praecox in vitro was attempted, via manipulation of plant hormones and 

culture conditions and similar to the case of coffea breeding, any somaclonal variations 

shall be monitored closely and detected via conducting morphological studies through 

microscopic analysis and cytological examinations to observe the cellular behaviours of 

meristematic cells of A. praecox in vivo versus in vitro and over prolonged culture time.  
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1.3 INTRODUCTION TO THE GENUS AGAPANTHUS 

 

 Agapanthus is commonly known as the ‘Lily of the Nile’ or ‘African Lily’ as the 

plants are native to South Africa. Agapanthus sp. apperared morphologically similar, 

where all Agapanthus plants have strap-like leaves, bulbous roots and a large bloom 

(measuring at 6 - 8 inches across) of either white or blue or in hues of violet-blue 

funnel-shaped flowers on a thick stalk (2 - 4 foot tall) that is held above the leaves. The 

morphological similarities made the classification of Agapanthus sp. to be tricky 

(Zonneveld and Duncan, 2003). 

 

 Previously, Leighton (1965) had reported a total of ten Agapanthus species, 

consisting of four evergreen species (A. africanus, A. comptonii, A. praecox and A. 

walshii) and six deciduous species (A. campanulatus, A. caulescens, A. coddii, A. dyeri, 

A. inapertus and A. nutans). However, by analyzing the distinct morphology of the each 

species, nuclear DNA content, as well as pollen vitality and colour, Zonneveld and 

Duncan (2003) had concluded that A. comptonii to be identical to A. praecox ssp. 

minimus, while A. dyeri and A. nutans are identical to A. inapertus ssp. intermedius and 

A caulescens respectively. Zonneveld and Duncan (2003) also reported that A. walshii is 

actually a subspecies of A. africanus.  

 

 This therefore yielded a total of six species within the genus Agapanthus, with 

two evergreen species (Agapanthus africanus and Agapanthus praecox) and only four 

deciduous species including Agapanthus caulescens, Agapanthus coddii, Agapanthus 

campanulatus and Agapanthus inapertus. Further scientific classification of the plant is 

shown below: 
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   Kingdom : Plantae 

   Division : Magnoliophyta 

Class  : Liliopsida 

   Order  : Asparagales 

   Family : Alliaceae 

   Genus : Agapanthus 

   Species : praecox 

 

1.3.1 Distinguishing Agapanthus praecox from Agapanthus africanus 

 Agapanthus praecox consists of three subspecies, namely Agapanthus praecox 

ssp. praecox, Agapanthus praecox ssp. orientalis and Agapanthus praecox ssp. 

minimus. All Agapanthus praecox have an average of 6 to 20 leaves per individual 

plant, whereby the leaves have strap-like and flaccid or leathery features, with either 

blunt or pointed leaf tips (Zonneveld and Duncan, 2003).  

 

 However, Agapanthus africanus plants are small, with plant height ranging from 

250 to 700 mm and will only flower during end of summer time (between December to 

April). Other than that, Agapanthus africanus have thick and fleshy perianth with 

leathery leaves. Another contrasting features of Agapanthus africanus is that A. 

africanus plants are more difficult to be cultivated, with strict growth requirements that 

include a well drained soil and must be kept in a very dry and hot environment 

(Zonneveld and Duncan, 2003). 

 

 Agapanthus praecox ssp. praecox originated from the Eastern Cape of Africa. The 

plants within this subspecies are generally between 0.8 - 1 m tall and will flower during 

mid to late summer (December - February). A. praecox ssp. praecox can be 
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distinguished from the other two subspecies (A. praecox ssp. orientalis and A. praecox 

ssp. minimus) due to its longer perianth (more than 50 mm long). A. praecox ssp. 

praecox also have less leaves (with an average of 10 – 11 leaves per plant) than the 

other two subspecies and the leaves appeared suberect, with leathery leaves that spread 

around more than the other two subspecies. Other than that, A. praecox ssp. praecox 

plants also have open-faced flowers that are medium blue in colour. 

 

 Similarly, Agapanthus praecox ssp. orientalis (F.M. Leight.) F.M. Leight plants 

also originated from the Eastern Cape of Africa, with plant height of 0.8 - 1 m tall and 

will flower during mid to late summer (December - February). However, in contrast to 

A. praecox ssp. praecox, Agapanthus praecox spp. orientalis have shorter perianth 

segments (less than 50 mm long) and have more leaves than that of A. praecox ssp. 

praecox, with up to 20 non-leathery leaves per plant that are arching rather than 

spreading around. 

 

 However, Agapanthus praecox subsp. minimus (Lindl.) F.M. Leight originated 

from the southeastern part of Western Cape and Eastern Cape of Africa. A. praecox ssp. 

minimus plants are the smallest compared to the other two subspecies, with plant height 

of only 300 to 600 mm tall and will start to flower earlier than the other two subspecies 

(from November to March). A. praecox ssp. minimus also have the least number of 

leaves, with only up to 10 leaves per plant and have less number of flowers in the 

inflorescence clump. Other than that, A. praecox ssp. minimus plants also have short 

perianth segments (less than 50 mm long) as compared to that of A. praecox ssp. 

praecox. 
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 Some interesting facts about Agapanthus that is research-worth include the fact 

Agapanthus plants contain several saponins and sapogenins that generally have anti-

inflammatory activities that can help to reduce swelling and inflammation. The plants 

also possess anti-oedema properties, whereby they can help reduce swelling caused by 

accumulation of fluid, antitussive as the plants help to suppress and relieve coughing, as 

well as immuno-regulatory properties where they have influence on the immune system.  

 

 For example, Pretorius et al. (2002) reported that Agapanthus inapertus had 

fungitoxic properties against plant pathogens, where it was found that crude extract of 

A. inapertus showed significantly strong inhibition to seven pathogenic fungi including 

B. cinerea, F. oxysporum, S. rolfsii, R. solani, V. dahliae, B. dothidea and P. ultimum. 

Antifungal activity was also reported from Agapanthus africanus, where ethanolic 

extracts of A. africanus rhizomes had been found to have antifungal effects against 

Trychophyton mentagrophytes and Sporothrix schenekii (Singh et al., 2008) and also 

towards B. cinerea, S. rolfsii, R. solani, B. dothidea and M. pinodes (Tegegne et al., 

2008). However, a less significant antifungal activity was reported from A. africanus 

against P. ultimum and even lesser against F. oxysporum and A. alternata (Tegegne et 

al., 2008). 

 

 Other than that, Agapanthus species was also found to contain phytoecdysteroids. 

Savchenko et al. (1997) reported very high accumulation of phytoecdysteroids in A. 

campanulatus ssp. patens and A. inapertus ssp. hollandii, while moderate levels of 

phytoecdysteroids were found in A. inapertus ssp. inapertus and only slight amounts of 

that were detected in A. coddii, A. caulescens ssp. angustifolius, A. minor var. alba and 

A. praecox ssp. orientalis. 
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1.3.2 Tissue Culture of Agapanthus sp. 

 Very few literatures had been published on the success of obtaining Agapanthus 

regenerants in vitro. The earliest tissue culture success of this species is as demonstrated 

by Supaibulwatana and Mii (1997) in his works with young flower buds of Agapanthus 

africanus Hoffmanns. Organogenesis was shown to have formed from young flower 

buds of A. africanus, where adventitious shoots and roots formed directly from the 

young flower buds of this species, when the explants were cultured on MS (Murashige 

and Skoog, 1962) medium supplemented with hormones such as kinetin and 

combinations of thidiazuron and NAA (Supaibulwatana and Mii, 1997).  

 

 Somatic embryogenesis of this species was also shown, where friable callus was 

obtained when the young flower buds were cultured on MS medium supplemented with 

hormones such as NAA, 2,4-D and picloram (Supaibulwatana and Mii, 1997). Based on 

their research, somatic embryos were successfully obtained via utilizing 1 mg/L 

picloram and had successfully produced complete plantlets by transferring the somatic 

embryos onto plant growth regulator-free MS medium. 

  

 Suzuki et al. (2001) also utilized similar methods and used 1 mg/L picloram to 

induce somatic embryogenesis from leaf explants of intact Agapanthus praecox ssp. 

orientalis (Leighton) Leighton. Yellow compact callus was obtained when the young 

leaves excised from intact A. praecox plants before anthesis were cultured on MS 

medium containing 30 g/L sucrose and 2 g/L gellan gum, supplemented with 1 mg/L 

picloram (at pH 5.6) and maintained under continuous illumination at 25 °C (Suzuki et 

al., 2001). The yellow compact callus subsequently turned to produce somatic 

embryogenic callus when transferred onto similar medium, but incubated in the dark 

and eventually produced somatic embryos when transferred onto plant growth regular-
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free MS medium (Suzuki et al., 2001). 

 

 This thesis depicts the events of direct regeneration from young bulbs of 

Agapanthus praecox ssp. minimus and somatic embryogenesis from leaf, root and 

young bulb explants of this species. Methods developed by Supaibulwatana and Mii 

(1997) and Suzuki et al. (2001) were loosely followed, but with some modifications and 

compared with the effects of other plant growth regulators. Events of somatic variations 

were also monitored and examined via conducting morphological studies prior to and 

after acclimatization of the plantlets and by comparing their micro-morphological 

characteristics of the in vivo and in vitro plants via microscopic (SEM) analysis. 

Cytological studies were also performed on root segments of this species in vivo and in 

vitro to observe the occurrence of any cellular differences, to further deduce and verify 

any occurrences of somaclonal variations. 

 

 The beautiful Agapanthus praecox ssp. minimus plant is as shown in Figures 1.1 

and 1.2, whereby the flowers bloomed on a single long stem, with basal and curved long 

leaves that are linear and erect from the ground up. The flowers of A. praecox ssp. 

minimus are funnel-shaped and exist in hues of blue/violet to purple and sometimes in 

shades of white. 
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   Figure 1.1 : Violet/blue Agapanthus praecox ssp. minimus flowers  

  bloom on a single stem. 

 

 

 
  Figure 1.2 : Pre-bloom Agapanthus praecox ssp. minimus flowers. 
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1.4 RESEARCH OBJECTIVES 

 

 The main aim of this research was to establish an efficient in vitro propagation of 

Agapanthus praecox ssp. minimus plant via tissue culture. Different hormone 

combinations and concentrations were manipulated to find the most optimum media for 

direct regeneration, callus induction and production of somatic embryos of this species. 

As an alternative to conventional propagation, the prospect of mass propagation of A. 

praecox is essential for commercialization and preservation of this attractive plant 

species.  

 

 Agapanthus plants had been traditionally used for medical purposes by the native 

tribes of Africa and previous studies conducted on this genus had found that the species 

within the genus Agapanthus contain valuable medicinal values, as elaborated in 

Chapter 1 (section 3.1). Tissue culture technology allows for manipulation and the study 

of valuable chemical compounds with medicinal values to be carried out, therefore 

providing new insights to studies on plant metabolites, anti-inflammatory, immunology 

and et cetera. 

 

 Other aim includes to study and compare morphological and cytological 

differences of Agapanthus praecox ssp. minimus grown in vivo and in vitro. This is to 

detect any occurrences of somaclonal variations by observing the cellular behaviour of 

A. praecox ssp. minimus in vivo and in vitro and to determine if the cellular parameters 

would change with culture time. The macromorphological and micromorphological (via 

scanning electron microscope, SEM) characteristics of the in vivo and in vitro grown A. 

praecox ssp. minimus after acclimatization were also observed to attest to the 

cytological findings obtained in this thesis. 
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 The attractive feature of Agapanthus praecox ssp. minimus was also exploited in 

this study, where its eye-catching violet-blue colour (from the petals) were subjected to 

pigment extraction and subjected to various studies to observe its potential as a natural 

colourant. 
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CHAPTER 2 

IN VITRO REGENERATION OF Agapanthus praecox ssp. minimus 

 

2.1 EXPERIMENTAL AIMS 

 

 Previous research had proven that Agapanthus praecox can be propagated via 

tissue culture methods, however not many literature has been published on direct 

regeneration of this plant. As discussed previously, the success of tissue culture depends 

on many factors such as the type of explants, the use of plant growth regulators, 

composition of culture media and many more. In general, there are a lot of culture 

media that can be used to propagate plants, however, based on previous research, 

Murashige and Skoog (1962) medium had been successfully proven as the most suitable 

medium to be used in tissue culture of this species. Therefore, Murashige and Skoog 

medium is chosen as the culture media to be used throughout this chapter. 

  

In this chapter, the aim of the experiment was to study the regeneration of 

Agapanthus praecox ssp. minimus in vitro. The effects of different plant growth 

regulators and type of explants were determined and the ability to achieve efficient 

direct regeneration of Agapanthus praecox ssp. minimus was studied. This was done by 

manipulating the use of plant hormones such as by using different concentrations and 

combinations of NAA and BAP and many more (Chapter 2.2.10) and the effects of each 

treatment were observed and analyzed in order to determine the best hormone that can 

successfully achieve these experimental aims.  
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2.2 MATERIALS AND METHODS 

 

2.2.1 Seeds Supply and Explant Source 

The seeds of Agapanthus praecox ssp. minimus were collected from Cameron 

Highlands, Malaysia and cultured on Murashige and Skoog (MS) media without 

hormones. 4-week-old aseptic seedlings were used as the source of explants, where 

organs such as leaves, roots and young bulbs were used in subsequent micropropagation 

experiments of this species. 

 

2.2.2 Use of Aseptic Techniques 

The use of aseptic techniques is very crucial in this chapter. This is to prevent 

contaminations from occuring. For instance, whilst preparing the culture media, after 

the media has been prepared, the conical flask were sealed with an aluminum foil and 

would be autoclaved at 120°C for 20 minutes to sterilize the media. 

 

During sterilization, the seeds were washed with a series of Clorox dilutions 

(100%, 70% and 30%), followed by washing with distilled water. This was done to 

effectively remove impurities and contaminants that adhere to the surface of the seeds. 

After that, the seeds were washed with 70% alcohol for a few seconds to wash away the 

residual Clorox solutions to ensure that the seeds had been cleaned thoroughly and also 

to further sterilize the seeds. Apart from that, the purpose of using Tween 20 in the 

beginning of the seeds sterilization procedure was to decrease the surface tension of the 

seeds, hence allowing a direct contact between the seeds’ surface with the cleaning 

reagents to ensure a more effective sterilization process.  
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Furthermore, aseptic technique was used when culturing the seeds or explants 

onto the culture media. For example, all tissue culture experiments were conducted in 

the Laminar Flow Chamber and before any tissue culture experiments were done, and 

the UV light was switched on for about 15 to 20 minutes to get rid of the adhering 

microorganisms in the Laminar Flow Chamber. After that, the inner surfaces of the 

Laminar Flow Chamber were wiped clean with 70% alcohol to reduce the risks of 

contamination due to bacteria and fungi.  

 

Every equipment and labware such as the outer surfaces of the culture tubes 

containing the culture media, conical flasks, scalpels, petri dishes and et cetera, were 

wiped clean with 70% alcohol before being brought into the Laminar Flow. Other than 

that, the scalpels and forceps used to handle the explants and seeds were dipped in the 

‘hot bead sterilizer’ for a few minutes, followed by a short dip into the 100% alcohol 

solution. This was done to ensure that apparatus were thoroughly cleaned and properly 

sterilized before being used to handle the explants and seeds.  

 

2.2.3 Sterilization of Seeds 

Before the seeds were cultured, they were first washed and sterilized by using an 

appropriate sterilization protocol. The first step involved the seeds being immersed in a 

test tube filled with distilled water for two hours. After that, the seeds were washed with 

100% Clorox (v/v) with two drops of Tween 20 for one minute (immersed in the 

respective Clorox solution in a sterile tube and the tubes were shaken vigorously) and 

then washed three times with distilled water. The seeds were then washed with 70% 

Clorox (v/v), followed by 3 times rinsing with distilled water. The same step was 

repeated, but with 30% Clorox (v/v) instead. The seeds were brought into the Laminar 
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Flow and washed with 70% ethanol (v/v) for 30 seconds, followed by 3 times washing 

with sterile distilled water.  

 

2.2.4 Seeds Culture 

Immediately after the sterilization process, the seeds were cultured on MS media 

without hormones (MSO) and incubated in the culture room at 25 ± 1°C with 16 hours 

light and 8 hours dark for 4 weeks. Since the seeds were very small in size, 

approximately 10 seeds were cultured in each sterile tube containing the MS basal 

media. After the seeds had grown to approximately 4 cm in height, the plantlets were 

subcultured into small jam jars (that had been pre-autoclaved) to allow the plantlets to 

grow better, by reducing competition for resources amongst the plantlets (4 plantlets in 

each sterile jam jar) and giving the plantlets more room to grow. 

 

2.2.5 Germination of Aseptic Seedlings 

The aseptic seedlings used in this study were acquired by germinating the 

sterilized Agapanthus praecox ssp. minimus seeds on MS media without hormones (MS 

basal medium). It was observed that the seeds started to germinate after 2-3 weeks and 

became complete seedlings after 4-5 weeks. The leaves, roots and young bulbs of these 

aseptic seedlings were used as the explants for subsequent micropropagation 

experiments of Agapanthus praecox ssp. minimus. 

 

2.2.6 Type of Explants 

Leaves, roots and young bulbs of 4-week-old aseptic seedlings were excised 

(approximately 1.5 cm in length for leaves and roots) and cultured on various MS media 

supplemented with hormones (as listed in Section 2.2.10). 
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2.2.7 Sterilization of Explants 

Strict sterilization procedure is critical as it minimizes the risk of contamination 

and therefore ensures efficient production of aseptic seedlings. However, in this part of 

the experiment, the explants used in the culture process were already sterile, as they 

were excised from aseptic seedlings obtained from seeds culture. 

 

2.2.8 Preparation of Culture Media 

For seeds germination in vitro, MS media without the addition of any hormones 

were used (abbreviated as MSO). In order to prepare 1L of the MSO media, firstly, the 

conical flask was filled with approximately 500mL of distilled water. Then, 4.4g of 

commercial MS powder and 30g of sucrose were added into the conical flask. A 

magnetic stirrer was used to stir the media solution until all solutes have dissolved.  

 

The pH of the media solution was then measured and adjusted to pH 5.6 by 

adding 1M NaOH or 1M HCl. Following that, 2g of Gelrite Gellan gel were added into 

the conical flask and the media solution was stirred until all solutes has dissolved. Then, 

the media solution was topped up to 1L with distilled water and the conical flask would 

be wrapped with an aluminium foil and autoclaved at 120°C for 20 minutes. 

 

On the other hand, for tissue culture of explants, MS media with hormones 

addition were used. The same protocol as described in the previous chapter was used, 

but with an addition of the desired hormones combination (at the desired 

concentrations) at the end, before making up the culture media solution to 1L and 

autoclaving the culture media. 
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2.2.9  Culture Conditions 

All apparatus used in the experiments such as conical flasks, petri dishes, 

forceps, scalpels and jam jars were cleaned and sterilized before being used. To do this, 

the apparatus were first washed with a cleaning solution (Teepol) under running tap 

water and were then wrapped in aluminum foil and autoclaved for 30 minutes. During 

tissue culture experiments, in order to ensure the sterility of the culture apparatus and to 

reduce the risk of contamination, the forceps and scalpels were dipped in 70% alcohol, 

followed by sterile distilled water, air-dried and dipped into hot bead sterilizer. These 

were done prior to conducting any tissue culture procedures. The hot bead sterilizer was 

set to a temperature of 250 °C. It is also important to ensure that prior to cutting the 

plant tissues, the forceps and scalpels have already cooled down to ensure no damage 

was done on the excised tissues due to heat. 

 

Another key condition that must be followed is all cultured seeds/explants must 

be incubated in the culture room at a temperature of 25 °C ± 1°C with 16 hours of light 

and 8 hours of dark conditions. This is very important to ensure efficient growth of the 

cultured seeds/explants. 

 

2.2.10 Effects of Hormones on Explants 

Different hormones will yield different results in explant regeneration. In this 

study, 4-week-old explants (namely the roots, young bulbs and leaves) were cultured on 

25 hormone combinations. The hormone combinations used in this part of the study are 

shown below: 

1. MS media + no hormone 

2. MS media + 0.5 mg/L IBA 

3. MS media + 1.0 mg/L IBA 
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4. MS media + 1.5 mg/L IBA 

5. MS media + 2.0 mg/L IBA 

6. MS media + 0.5 mg/L Kinetin 

7. MS media + 1.0 mg/L Kinetin 

8. MS media + 1.5 mg/L Kinetin 

9. MS media + 2.0 mg/L Kinetin 

10. MS media + 0.5 mg/L IBA + 0.5 mg/L Kinetin 

11. MS media + 0.5 mg/L IBA + 1.0 mg/L Kinetin 

12. MS media + 0.5 mg/L IBA + 1.5 mg/L Kinetin 

13. MS media + 0.5 mg/L IBA + 2.0 mg/L Kinetin 

14. MS media + 1.0 mg/L IBA + 0.5 mg/L Kinetin 

15. MS media + 1.0 mg/L IBA + 1.0 mg/L Kinetin 

16. MS media + 1.0 mg/L IBA + 1.5 mg/L Kinetin 

17. MS media + 1.0 mg/L IBA + 2.0 mg/L Kinetin 

18. MS media + 1.5 mg/L IBA + 0.5 mg/L Kinetin 

19. MS media + 1.5 mg/L IBA + 1.0 mg/L Kinetin 

20. MS media + 1.5 mg/L IBA + 1.5 mg/L Kinetin 

21. MS media + 1.5 mg/L IBA + 2.0 mg/L Kinetin 

22. MS media + 2.0 mg/L IBA + 0.5 mg/L Kinetin 

23. MS media + 2.0 mg/L IBA + 1.0 mg/L Kinetin 

24. MS media + 2.0 mg/L IBA + 1.5 mg/L Kinetin 

25. MS media + 2.0 mg/L IBA + 2.0 mg/L Kinetin 

 

In the present study, IBA was chosen as the auxin to be extensively studied in 

micropropagation of Agapanthus praecox ssp. minimus because it is one of the four 

naturally occurring (endogenous) auxins that can be synthesized by plants (Simon and 
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Petrasek, 2011). Besides, IBA had also been extensively used as an ingredient in 

commercial plant rooting products. This is a very important aspect to be considered in 

the present study, as one of the aims of this study was to incorporate the findings of this 

chapter (the best hormone that induce rooting) in the study on cellular behaviour of in 

vitro grown A. praecox ssp. minimus root tip meristems. 

 

Different concentrations of IBA ranging from 0.5 mg/L to 2.0 mg/L were 

studied and also in combinations with Kinetin. Thirty replicates were used for every 

hormone combination and concentration listed. The sterile tubes containing the cultured 

explants were incubated in the culture room at 25 ± 1°C with 16 hours light and 8 hours 

dark for 4 weeks. Observations were made every week and the results were recorded 

during the 4
th

 week. 

 

2.2.11  Satistical Data Analysis 

Different concentrations of hormones were assessed using complete block 

design with 30 replications to decrease the error and enhance the accuracy. Data 

obtained was analyzed using the IBM SPSS Statistics 19 software (International 

Bussiness Machines Corp., Armonk, NY). Statistical variance analysis was conducted 

using ANOVA (Duncan’s Multiple Range Test or DMRT) and compared with least 

significant differences at 5% level, where mean values with different letters in the same 

column (between the same explant type) differ significantly at P < 0.05. 
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2.3 RESULTS 

 

2.3.1 Identification of Shoot Regeneration Media 

Organogenesis and plant regeneration are processes that occur when plant 

organs such as shoots or roots are being produced directly from an explant or from calli. 

The use of plant growth regulators or plant hormones can largely determine the success 

of plant regeneration, as they can influence and promote the ability of plant cells to 

divide and differentiate, therefore producing new organs that protrude from the cultured 

explants. 

 

The explants (leaf, root and bulb) used in this chapter were obtained from 

aseptic seedlings originating from seeds culture on MS basal media. The seeds were cut 

out from the seedpods and were quite small and soft in nature, hence making the 

sterilization process of the seeds of this species quite hard, as they tend to break when 

shaken with the sterilizing solutions. Therefore, the sterilization procedure had to be 

carried out carefully and as a result of this difficult process, the germination rate of the 

cultured seeds were quite low due to the damaged seeds.  

 

This thesis depicts successful direct and indirect regeneration and organogenesis 

of Agapanthus praecox ssp. minimus through tissue culture. Explants were shown to 

regenerate shoots and roots either directly or indirectly when cultured on Murashige and 

Skoog (MS) media. Direct regeneration and organogenesis was successfully achieved 

when bulb explants managed to produce shoots after a few days of culture and managed 

to develop into complete plantlets after 4 weeks of culture. All combinations of 

cytokinin and auxin used in this chapter depicted this finding, as production of roots and 

shoots were observed in all hormone treatments. Therefore, it can be suggested that bulb 
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was the best and most responsive explant for efficient direct regeneration of Agapanthus 

praecox ssp. minimus (Figure 2.1).  

 

However, indirect regeneration of Agapanthus praecox ssp. minimus through 

somatic embryogenesis was observed for several hormone combinations (Chapter 4). 

This occurred when A. praecox ssp. minimus explants initially formed callus after being 

cultured and the callus then subsequently differentiated to form shoots. These were 

observed from both root and leaf explants. Most of these callus were creamy white in 

colour and very friable. In this chapter, the results of this experiment were depicted in 

terms of percentage of explants that produced callus, percentage of explants that 

produced shoots, number of shoots per explant and number of roots per explant. These 

are summarized in Table 2.1: 
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Table 2.1 : The effects of different concentrations and combinations of IBA and Kinetin 

on different explants of Agapanthus praecox ssp. minimus cultured on MS medium after 

4 weeks. The cultures were maintained at 25 ± 1 °C with 16 hours light and 8 hours 

dark. 
MS 

media + 

hormone 

(mg/L) 

Explant Observations 

Explants 

with 

callus 

(%) 

Explants with 

shoots (%) 

No. of shoots 

per explant 

(Mean ±  SE) 

No. of roots 

per explant 

(Mean ±  SE) 

Leaf Necrotic NR NR! NR! NR!

Root Necrotic NR! NR! NR! NR!
No 

hormone 
Bulb Necrotic NR! NR! NR! NR!

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!0.5 mg/L 

IBA 
Bulb 

Formation of 

roots 
NR! NR! NR! 3.10 ± 0.21ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!1.0 mg/L 

IBA 
Bulb 

Formation of 

roots 
NR! NR! NR! 3.40 ± 0.20ab 

Leaf 
Adventitious 

root formed 
NR! NR! NR! 2.86 ± 0.81a 

Root Necrotic NR! NR! NR! NR!
1.5 mg/L 

IBA 

Bulb 
Formation of 

roots 
NR! NR! NR! 3.40 ± 0.22ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!2.0 mg/L 

IBA 
Bulb 

Formation of 

roots 
NR! NR! NR! 3.47 ± 0.26b 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!0.5 mg/L 

Kinetin 
Bulb 

Formation of 

shoots 
NR 90.00 ± 5.57a 2.76 ± 0.33ab NR 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!1.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots 
NR 90.00 ± 5.57a 3.13 ± 0.28abcde NR 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!1.5 mg/L 

Kinetin 
Bulb 

Formation of 

shoots 
NR 90.00 ± 5.57a 3.60 ± 0.32bcdefgh NR 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!2.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots 
NR 96.67 ± 3.33a 3.83 ± 0.37cdefgh NR 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

0.5 mg/L 

IBA + 

0.5 mg/L 

Kinetin 
Bulb 

Formation of 

roots 
NR! 93.33 ± 3.33a! 2.90 ± 0.26abc! 3.17 ± 0.22ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!
0.5 mg/L 

IBA + 

1.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and 

roots 

NR! 100.00 ± 0.00a! 3.03 ± 0.18abcde 2.77 ± 0.15a 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!
0.5 mg/L 

IBA + 

1.5 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and 

roots 

NR! 100.00 ± 0.00a! 3.97 ± 0.21defgh! 3.07 ± 0.17ab 
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‘Table 2.1, continued’ 
MS 

media + 

hormone 

(mg/L) 

Explant Observations 

Explants 

with callus 

(%) 

Explants 

with shoots 

(%) 

No. of shoots 

per explant 

(Mean ±  SE) 

No. of roots 

per explant 

(Mean ±  SE) 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

0.5 mg/L 

IBA + 

2.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and roots 
NR!

90.00 ± 

5.57a!
4.00 ± 0.31efgh! 2.87 ± 0.21ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

1.0 mg/L 

IBA + 

0.5 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and roots 
NR 

90.00 ± 

5.57a 
2.43 ± 0.22a 3.37 ± 0.18ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

1.0 mg/L 

IBA + 

1.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and roots 
NR 

90.00 ± 

5.57a 

3.97 ± 

0.36defgh 
4.47 ± 0.30c 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

1.0 mg/L 

IBA + 

1.5 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and roots 
NR 

100.00 ± 

0.00a 

3.40 ± 

0.18bcdefg 
3.17 ± 0.19ab 

Leaf Necrotic NR! NR! NR! NR!

Root Necrotic NR! NR! NR! NR!

1.0 mg/L 

IBA + 

2.0 mg/L 

Kinetin 
Bulb 

Formation of 

shoots and roots 
NR 

93.33 ± 

4.63a 

3.53 ± 

0.25bcdefgh 
3.17 ± 0.17ab 

Leaf Necrotic NR! NR! NR! NR!

Root 
Explant became 

swollen 
NR NR! NR! NR!

1.5 mg/L 

IBA + 

0.5 mg/L 

Kinetin Bulb 
Formation of 

roots and leaves 
NR 

96.67 ± 

3.33a 
3.00 ± 0.24abcd 3.03 ± 0.16ab 

Leaf Necrotic NR NR! NR! NR!

Root 

Creamy callus 

formed at the 

edges 

16.67 ± 

6.92a 
NR! NR! NR!

1.5 mg/L 

IBA + 

1.0 mg/L 

Kinetin 
Bulb 

Multiple shoots 

Formation of 

roots 

NR 
96.67 ± 

3.33a 

3.87 ± 

0.27cdefgh 
3.40 ± 0.19ab 

Leaf 
Creamy white 

callus 

90.00 ± 

5.57ab 
NR! NR! NR!

Root 
Creamy friable 

callus 

16.67 ± 

6.92a 
NR! NR! NR!

1.5 mg/L 

IBA + 

1.5 mg/L 

Kinetin 
Bulb 

Multiple shoots 

Formation of 

roots 

NR 
96.67 ± 

3.33a 
4.17 ± 0.26fgh 3.33 ± 0.15ab 

Leaf 
Creamy white 

callus 

100.00 ± 

0.00b 
NR! NR! NR!

Root 
Creamy friable 

callus 

30.00 ± 

8.51a 
NR! NR! NR!

1.5 mg/L 

IBA + 

2.0 mg/L 

Kinetin 
Bulb 

Multiple shoots 

Formation of 

roots 

NR 
86.67 ± 

6.31a 
4.23 ± 0.40gh 3.20 ± 0.18ab 

Leaf 
The edges 

became swollen 
NR! NR! NR! NR!

Root 
Creamy white 

friable callus 

26.67 ± 

8.21a 
NR! NR! NR!

2.0 mg/L 

IBA + 

0.5 mg/L 

Kinetin 
Bulb 

Formation of 

roots and leaves 
NR 

100.00 ± 

0.00a 

3.23 ± 

0.25abcdef 
3.47 ± 0.17b 
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‘Table 2.1, continued’ 
MS 

media + 

hormone 

(mg/L) 

Explant Observations 

Explants 

with callus 

(%) 

Explants 

with shoots 

(%) 

No. of shoots 

per explant 

(Mean ±  SE) 

No. of roots 

per explant 

(Mean ±  SE) 

Leaf 
Creamy white 

friable callus 

100.00 ± 

0.00b 
NR! NR! NR!

Root 
Creamy white 

friable callus 

96.67 ± 

3.33b 
NR! NR! NR!

2.0 mg/L 

IBA + 

1.0 mg/L 

Kinetin 
Bulb 

Formation of 

roots and leaves 
NR 

96.67 ± 

3.33a 
4.23 ± 0.34gh 3.37 ± 0.24ab 

Leaf 
Creamy white 

friable callus 

96.67 ± 

3.33b 
NR! NR! NR!

Root 
Creamy white 

friable callus 

26.67 ± 

8.21a 
NR! NR! NR!

2.0 mg/L 

IBA + 

1.5 mg/L 

Kinetin 
Bulb 

Formation of 

roots and leaves 
NR 

93.33 ± 

4.63a 
4.33 ± 0.36gh 3.33 ± 0.17ab 

Leaf 
Creamy white 

friable callus 

83.33 ± 

6.92a 
NR! NR! NR!

Root 
Creamy white 

friable callus 

100.00 ± 

0.00b 
NR! NR! NR!

2.0 mg/L 

IBA + 

2.0 mg/L 

Kinetin 
Bulb 

Formation of 

roots and leaves 
NR 

90.00 ± 

5.57a 
4.50 ± 0.38h 3.27 ± 0.25ab 

Mean values with different letters within a column (between the same explant) are significantly different 

at p < 0.05. 

(NR: no response) 
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Generally, the explants responded as early as 1 week when cultured on various 

culture media. As depicted in Table 2.1, combinations of 2.0 mg/L IBA and 2.0 mg/L 

Kinetin yielded the highest mean number of shoots per explant (4.50 ± 0.38), whereby 

90 ± 5.57 % of the explant (bulb) samples produced shoots. It can also be observed that 

among all three explants, bulb was shown to the most responsive explant type. This was 

observed in all hormone combinations used, which was a clear indicator that efficient 

direct regeneration was successfully achieved through the use of bulbs. 

 

Regeneration potential of bulb explants was further studied, whereby the explant 

was cultured on MS media supplemented with other auxin and cytokinin hormones such 

as NAA, Picloram, 2, 4-D, IBA, Kinetin and BAP, at 2.0 mg/L each (the optimum 

hormone concentration obtained in previous experiment). These experiments were 

conducted to identify the most optimum media for shoot production from bulb explants. 

Similar results were obtained, where it was observed the best plant hormones to induce 

shoot production from bulb explant was combination of 2.0 mg/L IBA and 2.0 mg/L 

Kinetin, with mean number of shoots per explant of 4.50 ± 0.38, while the lowest shoot 

production was observed when bulb explants were cultured on MS media supplemented 

with 2 mg/L IBA and 2 mg/L BAP, with mean number of shoots per explant of 2.17 ± 

0.28, as depicted in Table 2.2. 
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Table 2.2 : The effects of auxins (NAA, Picloram, 2,4-D and IBA) at a concentration of 

2 mg/L and cytokinins (Kinetin and BAP) at a concentration of 2 mg/L on bulb explant 

cultured on MS media after 4 weeks. The cultures were maintained at 25 ± 1 °C with 16 

hours light and 8 hours dark. 

MS media + 

hormone 

(mg/L) 

Explant Observations 

Explants 

with shoots 

(%) 

No. of shoots 

per explant 

(Mean ±  SE) 

No. of roots 

per explant 

(Mean ±  SE) 

2.0 mg/L 

NAA + 2.0 

mg/L BAP 

Bulb 

Formation of 

roots and 

leaves 

83.33 ± 6.92a 2.87 ± 0.32a 2.50 ± 0.27ab 

2.0 mg/L 

NAA + 2.0 

mg/L Kinetin 

Bulb 

Formation of 

roots and 

leaves 

73.33 ± 8.21a 2.53 ± 0.36a 2.73 ± 0.24ab 

2.0 mg/L 

PIC + 2.0 

mg/L BAP 

Bulb 

Formation of 

roots and 

leaves 

76.67 ± 2.85a 2.67 ± 0.38a 2.83 ± 0.25ab 

2.0 mg/L 

PIC + 2.0 

mg/L Kinetin 

Bulb 

Formation of 

roots and 

leaves 

83.33 ± 6.92a 2.43 ± 0.29a 2.87 ± 0.29ab 

2.0 mg/L 

2,4-D + 2.0 

mg/L BAP 

Bulb 

Formation of 

roots and 

leaves 

86.67 ± 6.31a 3.03 ± 0.33a 2.60 ± 0.21ab 

2.0 mg/L 

2,4-D + 2.0 

mg/L Kinetin 

Bulb 

Formation of 

roots and 

leaves 

83.33 ± 6.92a 2.43 ± 0.25a 2.40 ± 0.22a 

2.0 mg/L 

IBA + 2.0 

mg/L BAP 

Bulb 

Formation of 

roots and 

leaves 

76.67 ± 7.85a 2.17 ± 0.28a 2.37 ± 0.19a 

2.0 mg/L 

IBA + 2 

mg/L Kinetin 

Bulb 

Formation of 

roots and 

leaves 

90.00 ± 5.57a 4.50 ± 0.38b 3.27 ± 0.25b 

Mean values with different letters within a column are significantly different at p < 0.05. 

(NR: no response) 
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Production of multiple shoots and roots from bulb explants of A. praecox ssp. 

minimus are shown in Figures 2.1 and 2.2, while regeneration of whole plantlet from 

bulb explant is shown in Figure 2.3. 

 

 
 Figure 2.1 : Development of multiple shoots from bulb explant cultured  

 on MS media supplemented with 1 mg/L IBA and 1 mg/L Kinetin. 

 

 

 
Figure 2.2 : Formation of roots from bulb explant cultured on MS media  

supplemented with 2 mg/L NAA and 2 mg/L BAP. 

""""""""! 1.5 cm 

!

""""""""""!   2 cm 
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Figure 2.3 : Complete plantlet regeneration from bulb explant  

cultured on MS media supplemented with 2 mg/L NAA and 2  

mg/L BAP. 

 

The use of other explants such as leaves and roots however had mostly produced 

callus and no adventitious roots nor microshoots had been observed directly growing 

from these explants. This is true for all combinations of hormones used, except when 

leaf explant was cultured on 1.5 mg/L IBA, where as seen in Figure 2.4, one root was 

seen protruding from the side of the leaf. 

 

""""""""""!    2 cm 
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Figure 2.4 : Root organogenesis from leaf explant cultured on MS media supplemented  

with 1.5 mg/L IBA. 

 

Production of shoots and roots are very essential to ensure the success of plant 

regeneration. The use of cytokinins in tissue culture can promote shoot production, 

while the use of auxins can promote rooting. In this chapter, combinations of a variety 

of auxin and cytokinin hormones, as well as individual auxins and cytokinins were 

tested. These hormones were added into the culture media and their effects on the 

growth of the cultured explants were observed. Shoot production and rooting had been 

observed when bulb explants were cultured on MS media with the addition of those 

plant hormones, with varying response degree (measured in terms of mean number of 

shoots and roots produced per explant). 

 

2.3.2 Identification of Optimum Root Formation Media 

As can be observed from Table 2.1, the addition of Kinetin helped to increase 

the production of roots from bulb explants of A. praecox ssp. minimus, as compared to 

the number of roots produced when only IBA hormone was used. Therefore, in this part 

of the experiment, MS media at full (4.4 g) and half strength (2.2 g) was tested with or 

without additions of auxin (IBA or NAA) and Kinetin. 

""""""""!  2 cm 
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Table 2.3 showed the response and induction of rooting from bulb explants of A. 

praecox ssp. minimus when cultured on various media. The results indicated that all 

media with hormones were able to induce rooting, while plant growth regulator-free 

media showed no development of roots. MS media with addition of 1 mg/L IBA and 1 

mg/L Kinetin was identified as the most optimum media for induction of roots from 

bulb explants of A. praecox ssp. minimus, with mean number of roots per explant of 

4.47 ± 0.30 (Table 2.3). The lowest root production was observed when bulb explants 

were cultured on ! strength MS media supplemented with 2 mg/L NAA and 2 mg/L 

Kinetin, with mean number of roots per explant of 1.80 ± 0.32 (Table 2.3).  

 

Table 2.3 : Development of roots from bulb explants of A. praecox ssp. minimus when 

cultured in rooting media after 4 weeks. Cultures were maintained at 25 ± 1 °C with 16 

hours light and 8 hours dark. 

MS Strength 

(with or without hormones, mg/L) 

Explants with Roots 

(%) 

No. of roots per explant 

(mean ±  SE) 

MS NR NR 

! MS NR NR 

MS + 1 mg/L IBA + 1 mg/L Kinetin 100.00 ± 0.00b 4.47 ± 0.30c 

MS + 2 mg/L IBA + 2 mg/L Kinetin 100.00 ± 0.00b 3.27 ± 0.25b 

! MS + 1 mg/L IBA + 1 mg/L 

Kinetin 
80.00 ± 7.43a 2.50 ± 0.44ab 

! MS + 2 mg/L IBA + 2 mg/L 

Kinetin 
80.00 ± 7.43a 2.27 ± 0.47ab 

MS + 1 mg/L NAA + 1 mg/L Kinetin 76.67 ± 7.85a 2.40 ± 0.47ab 

MS + 2 mg/L NAA + 2 mg/L Kinetin 100.00 ± 0.00b 2.73 ± 0.24ab 

! MS + 1 mg/L NAA + 1 mg/L 

Kinetin 
80.00 ± 7.43a 2.12 ± 0.36ab 

! MS + 2 mg/L NAA + 2 mg/L 

Kinetin 
83.33 ± 6.92ab 1.80 ± 0.32a 

Mean values with different letters within a column are significantly different at p < 0.05. 

(NR: no response) 
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As shown in Table 2.1, both leaf and root explants failed to form any shoots and 

roots, except when leaf explants were cultured in 1.5 mg/L IBA, where organogenesis 

was observed. This is largely due to the fact that this plant species is very hard to 

regenerate in vitro. Very few literatures had been published on successful in vitro 

culture of Agapanthus sp. and all previous findings only reported on successful tissue 

culture of Agapanthus sp. via protoplast culture (Nakano et al., 2003) and somatic 

embryogenesis of young flower buds (Supaibulwatana and Mii, 1997) and leaves from 

intact A. praecox ssp. orientalis plants (Suzuki et al., 2002). 

 

Another aim of this study was to investigate the cellular behaviour of root 

meristem cells of Agapanthus praecox ssp. minimus, thus identification of the most 

optimum media for regeneration of A. praecox roots is essential. Figures 2.5 and 2.6 

show regeneration of roots from bulb explants of A. praecox ssp. minimus. 

 

 
Figure 2.5 : Formation of roots from bulb explants of A. praecox ssp. minimus  

cultured on MS media supplemented with 1 mg/L IBA and 1 mg/L Kinetin. 

"""""""! 1 cm 
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Figure 2.6 : Formation of roots from bulb explants of A. praecox ssp. minimus cultured on MS 

media supplemented with 2 mg/L IBA and 2 mg/L BAP. 

 

"""""""! 1 cm 
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2.4 SUMMARY OF RESULTS 

 

1. Direct regeneration and organogenesis was successfully achieved when bulb 

explants managed to produce shoots after a few days of culture and managed to 

produce a whole plantlet after 4 weeks. 

2. Bulb was the best and most responsive explant for efficient direct regeneration 

of Agapanthus praecox ssp. minimus.  

3. Indirect regeneration of A. praecox ssp. minimus through somatic 

embryogenesis was observed for several hormone combinations when the 

explants (leaves and roots) initially formed callus after being cultured and the 

callus then subsequently differentiated to form shoots.  

4. Leaf and root explants produced friable callus that were creamy-white in colour. 

5. MS with combinations of 2.0 mg/L IBA and 2.0 mg/L Kinetin yielded the 

highest mean number of shoots per explant (4.50 ± 0.38), whereby 90 ± 5.57 % 

of the explant (bulb) samples produced shoots. 

6. Combination of 1.0 mg/L IBA and 1.0 mg/L Kinetin was the best for root 

induction, with mean number of roots per explant of 4.47 ± 0.30. 

7. The lowest shoot production was observed when bulb explants were cultured on 

MS media supplemented with 2 mg/L IBA and 2 mg/L BAP, with mean number 

of shoots per explant of 2.17 ± 0.28. 

8. The lowest root production was observed when bulb explants were cultured on 

! strength MS media supplemented with 2 mg/L NAA and 2 mg/L Kinetin, 

with mean number of roots per explant of 1.80 ± 0.32. 
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CHAPTER 3 

CALLUS INDUCTION FROM EXPLANTS OF Agapanthus praecox 

ssp. minimus 

 

3.1 EXPERIMENTAL AIMS 

 

 In this chapter, the aim of the experiment was to find the most optimum media 

for the production of callus from explants of Agapanthus praecox ssp. minimus. The 

effects of various hormone concentrations and combinations in influencing the 

establishment of callus in this species were also studied. Three explant types, namely 

the leaf, root and bulb explants were cultured on MS media supplemented with different 

callus inducing hormones such as combinations of NAA and BAP and 2,4-D and their 

response to the hormone treatments were analyzed, in order to determine the most 

responsive explant and the best callus-inducing hormone for this species. 

 

3.2 MATERIALS AND METHODS 

  

3.2.1 Germination of Aseptic Seedlings 

Seeds of Agapanthus praecox ssp. minimus were sterilized (section 2.2.3) and 

cultured on MS basal medium supplemented with 30g/L sucrose and 2g/L Gellan Gum 

that had been pre-autoclaved at 120°C for 20 minutes. All cultures were incubated in 

the culture room at 25 ± 1°C with 16 hours light and 8 hours dark for 4 weeks. 

  

3.2.2 Effects of Hormones on Induction of Callus 

In this part of the study, various concentrations of different hormones were 

manipulated to induce callus growth on the 4-week-old explants. The leaves and roots 
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were excised from the aseptic seedlings and were cut into about 2 cm in length and were 

subsequently cultured onto pre-autoclaved MS media supplemented with different 

combinations and concentrations of hormones, 30g/L sucrose and 2g/L Gellan Gum. 

The list of hormones used in this part of the study is shown below: 

1. MS media + no hormone 

2. MS media + 0.5 mg/L NAA + 0.5 mg/L BAP 

3. MS media + 1.0 mg/L NAA + 1.0 mg/L BAP 

4. MS media + 1.5 mg/L NAA + 1.5 mg/L BAP 

5. MS media + 2.0 mg/L NAA + 2.0 mg/L BAP 

6. MS media + 0.5 mg/L IBA + 0.5 mg/L Kinetin 

7. MS media + 1.0 mg/L IBA + 1.0 mg/L Kinetin 

8. MS media + 1.5 mg/L IBA + 1.5 mg/L Kinetin 

9. MS media + 2.0 mg/L IBA + 2.0 mg/L Kinetin 

10. MS media + 0.5 mg/L PIC 

11. MS media + 1.0 mg/L PIC 

12. MS media + 1.5 mg/L PIC 

13. MS media + 2.0 mg/L PIC 

14. MS media + 0.5 mg/L 2,4-D 

15. MS media + 1.0 mg/L 2,4-D 

16. MS media + 1.5 mg/L 2,4-D 

17. MS media + 2.0 mg/L 2,4-D 

 

For every hormone combination and concentration listed, thirty replicates were 

used for each hormone treatment. The sterile tubes containing the cultured explants 

were incubated in the culture room at 25 ± 1°C with 16 hours light and 8 hours dark for 
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8 weeks. Observations were made every week and the results were recorded during the 

8
th

 week. 

 

3.2.3 Determination of Percentage of Callus Growth 

Percentage of callus growth (weight) was calculated for the hormone 

combination used, where it represents the amount (in terms of weight percentage) of 

callus growth with respect to the initial weight of the explant. The fresh weight of the 

callus was measured and used to determine the percentage of callus growth, based on 

the formula as shown below: 

 

Callus growth (%) = Fresh weight of callus (g) – weight of explant (g) x 100% 

Weight of explant (g) 

 

3.2.4 Statistical Data Analysis 

Different concentrations of hormones were assessed using complete block 

design with 30 replications. Statistical variance analysis was conducted using ANOVA 

(Duncan’s Multiple Range Test or DMRT) in IBM SPSS Statistics 19 software 

(International Bussiness Machines Corp., Armonk, NY) and compared with least 

significant differences at 5% level, where mean values with different letters in the same 

column differ significantly at P < 0.05. 
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3.3 RESULTS 

 

3.3.1 Callus Induction from Explants of Agapanthus praecox ssp. minimus 

Yellow coloured callus was obtained when root explants were cultured on MS 

media supplemented with Picloram (PIC) at concentrations ranging from 0.5 - 2.0 mg/L 

and when leaf explants were cultured on MS media supplemented with 0.5 - 2.0 mg/L 

PIC as well as on MS media supplemented with 1 mg/L, 1.5 mg/L and 2 mg/L 2, 4-D. 

However, the yellow callus produced from the root explants were compact, while the 

yellow callus produced from the leaf explants were friable.  

 

Moreover, creamy friable callus was obtained when root explants were cultured 

on MS media supplemented with 2,4-D (0.5 – 2.0 mg/L) and combinations of IBA and 

Kinetin (0.5 – 2.0 mg/L), while creamy white friable callus was obtained when leaf 

explants were cultured on MS media supplemented with combinations of 1.0 – 2.0 

mg/L NAA and BAP and also on MS media supplemented with combinations of 1.5 

mg/L and 2.0 mg/L IBA and Kinetin. Creamy-white friable callus was also obtained in 

in vitro cultures of root explants supplemented with all combinations of NAA and BAP 

(0.5 – 2.0 mg/L) and also when young bulbs were cultured on MS media containing 2, 

4-D (0.5 – 2.0 mg/L). The recorded observations made after 8 weeks of culture are 

shown in Table 3.1: 
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Table 3.1 : Callus induction from different explants of Agapanthus praecox ssp. 

minimus cultured on MS medium supplemented with different hormones after 8 weeks. 

The cultures were maintained at 25 ± 1 °C with 16 hours light and 8 hours dark. 

MS media + 

hormone 

(mg/L) 

Explant 
Dry weight (g) 

(Mean ±  SE) 
Callus growth (%) Observations 

Leaf NR NR No callus formed 

Root NR! NR! No callus formed No hormone 

Bulb NR! NR! No callus formed 

Leaf NR! NR! No callus formed 

Root 0.462 ± 0.005a 6.980 ± 0.075a Creamy white friable callus 
0.5 mg/L NAA 

+ 0.5 mg/L BAP 

Bulb NR! NR! No callus formed 

Leaf 0.286 ± 0.003c 16.010 ± 0.168c Creamy white friable callus 

Root 0.500 ± 0.003d 16.281 ± 0.098d Creamy white friable callus 
1.0 mg/L NAA 

+ 1.0 mg/L BAP 

Bulb NR! NR! No callus formed 

Leaf 0.329 ± 0.004e 32.100 ± 0.390e Creamy white friable callus 

Root 0.520 ± 0.003e 20.933 ± 0.121e Creamy white friable callus 
1.5 mg/L NAA 

+ 1.5 mg/L BAP 

Bulb NR! NR! No callus formed 

Leaf 0.364 ± 0.007g 48.000 ± 0.923g Creamy white friable callus 

Root 0.550 ± 0.005g 27.914 ± 0.254g Creamy white friable callus 
2.0 mg/L NAA 

+ 2.0 mg/L BAP 

Bulb NR! NR! No callus formed 

Leaf NR! NR! Necrotic 

Root 0.439 ± 0.002b 2.330 ± 0.011b Creamy friable callus 

0.5 mg/L IBA + 

0.5 mg/L 

Kinetin 

Bulb NR! NR! No callus formed 

Leaf NR! NR! Necrotic 

Root 0.501 ± 0.005e 18.601 ± 0.186e Creamy friable callus 

1.0 mg/L IBA + 

1.0 mg/L 

Kinetin 

Bulb NR! NR! No callus formed 

Leaf 0.285 ± 0.002cd 12.000 ± 0.084cd Creamy white friable callus 

Root 0.538 ± 0.004g 25.580 ± 0.190g Creamy friable callus 

1.5 mg/L IBA + 

1.5 mg/L 

Kinetin 

Bulb NR! NR! No callus formed 
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‘Table 3.1, continued’ 

MS media + 

hormone 

(mg/L) 

Explant 
Dry weight (g) 

(Mean ±  SE) 
Callus growth (%) Observations 

Leaf 0.320 ± 0.001e 28.100 ± 0.088e 
Creamy white friable 

callus 

Root 0.598 ± 0.003j 39.532 ± 0.198j Creamy friable callus 

2.0 mg/L IBA + 

2.0 mg/L 

Kinetin 

Bulb NR! NR! No callus formed 

Leaf 0.276 ± 0.003b 8.020 ± 0.087b Yellow friable callus 

Root 0.489 ± 0.002c 13.954 ± 0.057c Yellow compact callus 0.5 mg/L PIC 

Bulb NR! NR! No callus formed 

Leaf 0.297 ± 0.003d 20.030 ± 0.202d Yellow friable callus 

Root 0.522 ± 0.003e 20.931 ± 0.120e Yellow compact callus 1.0 mg/L PIC 

Bulb NR! NR! No callus formed 

Leaf 0.348 ± 0.003f 40.100 ± 0.346f Yellow friable callus 

Root 0.569 ± 0.002h 32.560 ± 0.114h Yellow compact callus 1.5 mg/L PIC 

Bulb NR! NR! No callus formed 

Leaf 0.410 ± 0.003h 64.000 ± 0.468h Yellow friable callus 

Root 0.591 ± 0.003i 37.210 ± 0.189i Yellow compact callus 2.0 mg/L PIC 

Bulb NR! NR! No callus formed 

Leaf NR! NR! No callus formed 

Root 0.500 ± 0.002d 16.280 ± 0.065d Creamy friable callus 
0.5 mg/L 2,4-D 

Bulb 0.449 ± 0.003a 15.383 ± 0.103a 
Creamy white friable 

callus 

Leaf 0.261 ± 0.002a 4.030 ± 0.031a Yellow friable callus 

Root 0.518 ± 0.002e 20.930 ± 0.081e Creamy friable callus 
1.0 mg/L 2,4-D 

Bulb 0.569 ± 0.002b 46.150 ± 0.162b 
Creamy white friable 

callus 

Leaf 0.290 ± 0.002cd 16.000 ± 0.110cd Yellow friable callus 

Root 0.569 ± 0.007h 30.230 ± 0.372h Creamy friable callus 
1.5 mg/L 2,4-D 

Bulb 0.662 ± 0.001c 69.230 ± 0.105c 
Creamy white friable 

callus 
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‘Table 3.1, continued’ 

MS media + 

hormone 

(mg/L) 

Explant 
Dry weight (g) 

(Mean ±  SE) 
Callus growth (%) Observations 

Leaf 0.360 ± 0.002g 44.200 ± 0.246g Yellow friable callus 

Root 0.600 ± 0.002i 39.530 ± 0.132i Creamy friable callus 
2.0 mg/L 2,4-D 

Bulb 0.753 ± 0.002d 92.330 ± 0.245d 
Creamy white friable 

callus 

Mean values with different letters within a column (between the same explant) are significantly different 

at p < 0.05.  

(NR: no response) 

 

3.3.2 Identification of the Best Plant Growth Regulator (PGR) for Callus 

Induction 

Theoretically, any part of plants of any species can be cultured to induce the 

production of callus, via manipulation of plant growth regulators or plant hormones. In 

some cases, these callus can further differentiate to produce shoots and roots and these 

are known as embryogenic callus. However, the success of callus production largely 

depends on the plant species itself, whether they are monocotyledons or dicotyledons, 

the use of plant hormones and the type of explants used. 

 

In vitro regeneration of monocots is more difficult than that of dicots (Kamo, 

1994). Being a monocot, Agapanthus praecox ssp. minimus is not an exception to this. 

However, callus induction of leaf, root and bulb explants have been successfully 

achieved for this species. This is depicted in Table 3.1, where it can be observed that the 

highest dry weight of callus (0.753 ± 0.002 g) was obtained when bulb explants were 

cultured on MS media supplemented with 2.0 mg/L 2,4-D.  

 

For bulb explants, the only plant hormone that managed to induce callus 

production was 2,4-D, however its response was proportional to the concentrations of 

2,4-D being used. As depicted in Table 3.1, it can be seen that as the concentration of 
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2,4-D was reduced to 1.5 mg/L, the dry weight of callus was also reduced to 0.662 ± 

0.001 g. When the concentration of 2,4-D was again reduced to 1.0 mg/L and 0.5 mg/L, 

the dry weight of the callus also reduced to 0.569 ± 0.002 g and 0.449 ± 0.003 g, 

respectively. 

 

As for the leaf explants, the best hormone that produced the highest dry weight 

of callus was 2.0 mg/L PIC, while for root explants, the best hormone was 2.0 mg/L 

2,4-D, with dry weight of callus of 0.410 ± 0.003 g and 0.600 ± 0.002 g respectively. 

Contrary to the bulb explants, all plant hormones used in this chapter (combinations of 

NAA and BAP, IBA and Kinetin, Picloram and 2,4-D at concentrations ranging from 

0.5 mg/L to 2.0 mg/L) managed to induce production of callus from root explants, 

although the results varied according to the type, combinations and concentrations of 

hormones used. As for the leaf explants, almost all plant hormones used in this chapter 

managed to induce callus production. This is shown in Figure 3.1. 



  

 Figure 3.1 : Effects of plant hormones on induction of callus from different explants. 

6
3

 

Bulb 
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As can be observed in Figure 3.1, the best explant for callus induction was the 

roots, as they all formed callus after 8 weeks of culture on MS media supplemented 

with various hormones (for all concentrations tested). This is followed by the leaf 

explants, where they formed callus on almost all media containing various hormones 

except on media supplemented with 0.5 mg/L 2, 4-D, combinations of 0. 5 mg/L NAA 

and BAP and combinations of 0.5 mg/L and 1.0 mg/L IBA and Kinetin. Besides, it can 

also be observed that their response to hormone treatments was directly proportional to 

the concentrations of hormones used. Successful induction of callus in the three explant 

types are clearly depicted in Figures 3.2 to 3.6. 

 
Figure 3.2 : Root explant cultured on MS media supplemented with 1 mg/L IBA and  

1 mg/L Kinetin started to produce callus after 4 weeks of culture. 

_____ !"##"
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Figure 3.3 : Callus derived from root explant cultured on MS media supplemented with  

0.5 mg/L 2,4-D. 

 

 

 
Figure 3.4 : Callus derived from root explant cultured on MS  

media supplemented with 1 mg/L PIC. 

!"##"_____ 

_____ !"##"
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Figure 3.5 : Leaf explant started to swell after 3 weeks of culture on MS media  

supplemented with 1 mg/L NAA and 1 mg/L BAP. 

 

 

 
Figure 3.6 : Callus derived from leaf explant cultured on MS media supplemented with  

2 mg/L PIC. 

 

 

!"##"_____ 

_____ !"##"
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3.4 SUMMARY OF RESULTS 

 

1. Induction of callus from bulb explants of A. praecox ssp. minimus was only 

achieved when the explants were cultured on MS media supplemented with 2,4-

D and its response was proportional to the concentrations of 2,4-D being used.   

2. Contrary to the bulb explants, all plant hormones used in this chapter 

(combinations of NAA and BAP, IBA and Kinetin, Picloram and 2,4-D at 

concentrations ranging from 0.5 mg/L to 2.0 mg/L) managed to induce callus 

production for root explants, although the results varied according to the type, 

combinations and concentrations of hormones used.  

3. As for the leaf explants, almost all plant hormones used in this chapter 

(combinations of NAA and BAP, IBA and Kinetin, Picloram and 2,4-D) 

managed to induce callus production except on media supplemented with 0.5 

mg/L 2, 4-D, combinations of 0.5 mg/L NAA and BAP and combinations of 0.5 

mg/L and 1 mg/L IBA and Kinetin. 

4. For leaf explants, the best hormone that produced the highest dry weight of 

callus was 2.0 mg/L PIC, while for root explants, the best hormone was 2.0 

mg/L 2,4-D, with dry weight of callus of 0.410 ± 0.003 g and 0.600 ± 0.002 g, 

respectively. 
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CHAPTER 4 

SOMATIC EMBRYOGENESIS INDUCTION IN Agapanthus praecox 

ssp. minimus 

 

4.1 EXPERIMENTAL AIMS 

 

 In this chapter, the aim of the experiment was to achieve direct and indirect 

somatic embryogenesis from leaf, root and bulb explants of aseptic seedlings of 

Agapanthus praecox ssp. minimus. The most responsive explant and the best hormone 

to induce callus growth and somatic embryogenesis was identified. The produced callus 

was subjected to double staining technique (Gupta et al., 1987) to distinguish between 

embryogenic and non-embryogenic callus and to identify the different phases of 

monocotyledonous somatic embryos, namely the globular, scutellar and coleoptilar 

phases. The somatic embryos produced in this experiment were subsequently used in 

the production of whole plantlets and further acclimatized in the green house. 

 

4.2 MATERIALS AND METHODS 

 

4.2.1 Germination of Aseptic Seedlings 

Similar to micropropagation and induction of callus experiments, in order to 

obtain the aseptic seedlings, the seeds of Agapanthus praecox ssp. minimus were 

sterilized (section 2.1.2) and cultured on MS basal medium supplemented with 30 g/L 

sucrose and 2g/L Gellan Gum (Suzuki et al., 2002) that had been pre-autoclaved at 

120°C for 20 minutes. All cultures were incubated in the culture room at 25 ± 1°C with 

16 hours light and 8 hours dark for 4 weeks. 
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4.2.2 Preparation of Explants 

In this part of the study, the leaves, roots and young bulbs were excised from 4-

week-old aseptic Agapanthus praecox ssp. minimus seedlings and were cut into pieces 

of about 1.5 cm in length (for both leaf and root explants). The explants were then 

cultured onto pre-autoclaved MS media with its pH adjusted to 5.6 and supplemented 

with different combinations and concentrations of hormones, 30 g/L sucrose and 2 g/L 

gellan gum (Suzuki et al., 2002). The hormones used in this part of the study were as 

shown in Table 2.3. 

 

4.2.3 Effects of Hormones on Induction of Somatic Embryos 

Suzuki et al. (2002) reported on somatic embryogenesis in Agapanthus praecox 

ssp. orientalis when callus induced from leaf explants (obtained from intact A. praecox 

ssp. orientalis) cultured on MS media with 1.0 mg/L of PIC was incubated in the dark. 

Therefore, in this experiment, the hormones PIC (incubated under normal photoperiod 

or dark conditions) were tested and its efficacy in producing somatic embryos from A. 

praecox ssp. minimus were also compared with other hormones. The list of hormones 

used is shown below: 

1. MS media + no hormone 

2. MS media + 0.5 mg/L PIC  

3. MS media + 1.0 mg/L PIC  

4. MS media + 1.5 mg/L PIC  

5. MS media + 2.0 mg/L PIC  

6. MS media + 0.5 mg/L PIC + incubated in the dark 

7. MS media + 1.0 mg/L PIC + incubated in the dark 

8. MS media + 1.5 mg/L PIC + incubated in the dark 

9. MS media + 2.0 mg/L PIC + incubated in the dark 



  70 

10. MS media + 0.5 mg/L NAA + 0.5 mg/L BAP 

11. MS media + 1.0 mg/L NAA + 1.0 mg/L BAP 

12. MS media + 1.5 mg/L NAA + 1.5 mg/L BAP 

13. MS media + 2.0 mg/L NAA + 2.0 mg/L BAP 

14. MS media + 0.5 mg/L 2,4-D 

15. MS media + 1.0 mg/L 2,4-D 

16. MS media + 1.5 mg/L 2,4-D 

17. MS media + 2.0 mg/L 2,4-D 

18. MS media + 0.5 mg/L TDZ 

19. MS media + 1.0 mg/L TDZ 

20. MS media + 1.5 mg/L TDZ 

21. MS media + 2.0 mg/L TDZ 

 

For every hormone combination and concentration listed, thirty replicates were 

conducted for each hormone treatment. The sterile tubes containing the cultured 

explants were incubated in the culture room at 25 ± 1°C with 16 hours light and 8 hours 

dark for 4 months (otherwise stated in the list of hormones used). Observations were 

made every week and the results were recorded during the 4
th

 month. 

 

4.2.4 Identification of Embryogenic Callus 

In order to identify the embryogenic callus, the double staining method 

described by Gupta et al. (1987) was followed, whereby a small piece of the callus was 

placed on a glass slide and 2-3 drops of 2% acetocarmine solution was dropped onto the 

callus. The callus was then divided into small pieces and heated over a low flame for a 

short while. After that, the slide was then rinsed with distilled water to remove all 
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liquid, followed by an addition of 2-3 drops of 0.5% Evan’s blue solution directly 

dropped onto the acetocarmine stained cells.  

 

After 30 seconds, the slide was rinsed again with distilled water and all excess 

water was removed from the slide, followed by an addition of 1-2 drops of glycerol 

directly dropped onto the stained cells to prevent the cells from drying. The embryonal 

heads will be stained red, while the suspensors or non-embryogenic cells will be stained 

blue. 

 

4.2.5 Development of Plantlets from Somatic Embryos 

Shoots produced from the somatic embryos were transferred to MS basal 

medium for further shoot and root development. All cultures were incubated in the 

culture room at 25 ± 1°C with 16 hours light and 8 hours dark.  

 

4.2.6 Statistical Data Analysis 

Different concentrations of hormones were assessed using complete block 

design with 30 replications to decrease the error and enhance the accuracy. Data 

obtained was analyzed using the IBM SPSS Statistics 19 software (International 

Bussiness Machines Corp., Armonk, NY). Statistical variance analysis was conducted 

using ANOVA (Duncan’s Multiple Range Test or DMRT) and compared with least 

significant differences at 5% level, where mean values with different letters in the same 

column differ significantly at P < 0.05. 
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4.3 RESULTS 

 

4.3.1 Induction of Embryogenic Callus 

Creamy friable callus was obtained when the root and bulb explants were 

cultured on MS media supplemented with 2,4-D and also when root and leaf explants 

were cultured on MS media supplemented with combinations of NAA and BAP. On the 

other hand, white yellow compact callus was obtained when the leaf and root explants 

were cultured on MS media supplemented with PIC. As for the MS media 

supplemented with TDZ, yellowish green callus was produced from root explants. 

These results are depicted in Tables 4.1 to 4.3. 

 

All embryos were then transferred onto MS basal medium (without hormones) 

for further development of shoots and to promote root growth. The resulting plantlets 

were then transferred to soil and let to acclimatize in the green house for further growth 

and development. 
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Table 4.1 : Callus induction from leaf explants of Agapanthus praecox ssp. minimus 

cultured on MS medium supplemented with different hormones after 4 months. The 

cultures were maintained at 25 ± 1 °C with 16 hours light and 8 hours dark (unless 

stated otherwise). 

MS media + hormone 

(mg/L) 

Callus formation 

(%) after 4 months 
Observations 

No hormone NR No formation of callus 

0.5 mg/L NAA + 

0.5 mg/L BAP 
NR No formation of callus 

1.0 mg/L NAA + 

1.0 mg/L BAP 
100.00 ± 0.00a 

Creamy white friable callus 

Embryogenic callus 

1.5 mg/L NAA + 

1.5 mg/L BAP 
96.67 ± 1.31b 

Creamy white friable callus 

Embryogenic callus 

2.0 mg/L NAA + 

2.0 mg/L BAP 
100.00 ± 0.00a 

Creamy white friable callus 

Embryogenic callus 

0.5 mg/L PIC 83.33 ± 3.22c 
Yellow friable callus 

Embryogenic callus 

1.0 mg/L PIC 100.00 ± 0.00a 
Yellow friable callus 

Embryogenic callus 

1.5 mg/L PIC 83.33 ± 1.10c 
Yellow friable callus 

Embryogenic callus 

2.0 mg/L PIC 60.00 ± 0.41e 
Yellow friable callus 

Embryogenic callus 

0.5 mg/L PIC + incubated in 

the dark 
16.67 ± 0.12h 

Creamy white friable callus 

Non-embryogenic callus 

1.0 mg/L PIC + incubated in 

the dark 
23.33 ± 0.73g 

Creamy white friable callus 

Non-embryogenic callus 

1.5 mg/L PIC + incubated in 

the dark 
36.67 ± 0.31f 

Creamy white friable callus 

Non-embryogenic callus 

2.0 mg/L PIC + incubated in 

the dark 
26.67 ± 0.20g 

Creamy white friable callus 

Non-embryogenic callus 

0.5 mg/L 2,4-D NR No formation of callus 

1.0 mg/L 2,4-D 100.00 ± 0.00a 
Yellow friable callus 

Embryogenic callus 
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‘Table 4.1, continued’ 

MS media + hormone 

(mg/L) 

Callus formation 

(%) after 4 months 
Observations 

1.5 mg/L 2,4-D 71.43 ± 1.51d 
Yellow friable callus 

Embryogenic callus 

2.0 mg/L 2,4-D 100.00 ± 0.00a 
Yellow friable callus 

Embryogenic callus 

0.5 mg/L TDZ NR No formation of callus 

1.0 mg/L TDZ NR No formation of callus 

1.5 mg/L TDZ NR No formation of callus 

2.0 mg/L TDZ NR No formation of callus 

Mean values with different letters within a column are significantly different at p < 0.05. 

(NR: no response) 

 

All hormone treatments used in this part of the experiment managed to induce 

the production of embryogenic callus for leaf explants of Agapanthus praecox ssp. 

minimus except for TDZ hormone treatments, where no callus formation was obtained, 

even in higher hormone concentration. As for PIC hormone treatment, embryogenic 

callus was obtained when the cultures were maintained at 25 ± 1 °C with 16 hours light 

and 8 hours dark, but when the cultures were fully maintained under dark conditions, 

the callus formed was found to be non-embryogenic.   

 

As can be observed in Table 4.1, several hormones were found to be very 

effective in inducing the production of somatic embryos for A. praecox ssp. minimus 

leaf explants. These hormones were 1 mg/L NAA + 1 mg/L BAP; 2 mg/L NAA + 2 

mg/L BAP; 1 mg/L PIC; 1 mg/L 2,4-D and 2 mg/L 2,4-D, where they managed to 

induce the production of embryogenic callus in all thirty replicates. 
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Table 4.2 : Callus induction from root explants of Agapanthus praecox ssp. minimus 

cultured on MS medium supplemented with different hormones after 4 months. The 

cultures were maintained at 25 ± 1 °C with 16 hours light and 8 hours dark (unless 

stated otherwise). 

MS media + hormone (mg/L) 
Callus formation (%) after 4 

months 
Observations 

No hormone NR No formation of callus 

0.5 mg/L NAA + 0.5 mg/L BAP 93.33 ± 1.31b 
Creamy white friable callus 

Embryogenic callus 

1.0 mg/L NAA + 1.0 mg/L BAP 100.00 ± 0.00a 
Creamy white friable callus 

Embryogenic callus 

1.5 mg/L NAA + 1.5 mg/L BAP 93.33 ± 3.73b 
Creamy white friable callus 

Embryogenic callus 

2.0 mg/L NAA + 2.0 mg/L BAP 100.00 ± 0.00a 
Creamy white friable callus 

Embryogenic callus 

0.5 mg/L PIC 96.67 ± 0.83b 
Yellow compact callus 

Non-embryogenic callus 

1.0 mg/L PIC 100.00 ± 0.00a 
Yellow compact callus 

Non-embryogenic callus 

1.5 mg/L PIC 96.67 ± 2.13b 
Yellow compact callus 

Non-embryogenic callus 

2.0 mg/L PIC 100.00 ± 0.00a 
Yellow compact callus 

Non-embryogenic callus 

0.5 mg/L PIC + incubated in the 

dark 
83.33 ± 1.22c 

Creamy compact callus 

Non-embryogenic callus 

1.0 mg/L PIC + incubated in the 

dark 
93.33 ± 0.43b 

Creamy compact callus 

Non-embryogenic callus 

1.5 mg/L PIC + incubated in the 

dark 
86.67 ± 0.62c 

Creamy compact callus 

Non-embryogenic callus 

2.0 mg/L PIC + incubated in the 

dark 
66.67 ± 0.23d 

Creamy compact callus 

Non-embryogenic callus 

0.5 mg/L 2,4-D 93.33 ± 0.71b 
Creamy friable callus 

Embryogenic callus 

1.0 mg/L 2,4-D 100.00 ± 0.00a 
Creamy friable callus 

Embryogenic callus 
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‘Table 4.2, continued’ 

MS media + hormone (mg/L) 
Callus formation (%) after 

4 months 
Observations 

1.5 mg/L 2,4-D 96.67 ± 0.33b 
Creamy friable callus 

Embryogenic callus 

2.0 mg/L 2,4-D 100.00 ± 0.00a 
Creamy friable callus 

Embryogenic callus 

0.5 mg/L TDZ NR No formation of callus 

1.0 mg/L TDZ 83.33 ± 0.52c 
Yellowish green compact callus 

Embryogenic callus 

1.5 mg/L TDZ 96.67 ± 1.51b 
Yellowish green compact callus 

Embryogenic callus 

2.0 mg/L TDZ 86.67 ± 1.94c 
Yellowish green compact callus 

Embryogenic callus 

Mean values with different letters within a column are significantly different at p < 0.05. 

(NR: no response) 
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Table 4.3 : Callus induction from bulb explants of Agapanthus praecox ssp. minimus 

cultured on MS medium supplemented with different hormones after 4 months. The 

cultures were maintained at 25 ± 1 °C with 16 hours light and 8 hours dark (unless 

stated otherwise). 

MS media + hormone (mg/L) 
Callus formation (%) 

after 4 months 
Observations 

No hormone NR No formation of callus 

0.5 mg/L NAA + 0.5 mg/L BAP NR No formation of callus 

1.0 mg/L NAA + 1.0 mg/L BAP NR No formation of callus 

1.5 mg/L NAA + 1.5 mg/L BAP NR No formation of callus 

2.0 mg/L NAA + 2.0 mg/L BAP NR No formation of callus 

0.5 mg/L PIC NR No formation of callus 

1.0 mg/L PIC NR No formation of callus 

1.5 mg/L PIC NR No formation of callus 

2.0 mg/L PIC NR No formation of callus 

0.5 mg/L PIC + incubated in the dark NR No formation of callus 

1.0 mg/L PIC + incubated in the dark NR No formation of callus 

1.5 mg/L PIC + incubated in the dark NR No formation of callus 

2.0 mg/L PIC + incubated in the dark NR No formation of callus 

0.5 mg/L 2,4-D 83.33 ± 2.41c 
Creamy white friable callus 

Embryogenic callus 

1.0 mg/L 2,4-D 100.00 ± 0.00a 
Creamy white friable callus 

Embryogenic callus 

1.5 mg/L 2,4-D 100.00 ± 0.00a 
Creamy white friable callus 

Embryogenic callus 

2.0 mg/L 2,4-D 90.00 ± 2.42b 
Creamy white friable callus 

Embryogenic callus 

0.5 mg/L TDZ NR No formation of callus 

1.0 mg/L TDZ NR No formation of callus 

1.5 mg/L TDZ NR No formation of callus 

2.0 mg/L TDZ NR No formation of callus 

Mean values with different letters within a column are significantly different at p < 0.05.  

(NR: no response) 
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Among all three explant types used in this experiment, root explants were found 

to be the most responsive, while bulbs were the least responsive. This is clearly depicted 

in Figure 4.1. 

 
Figure 4.1 : Response (depicted in terms of percentage, %) of different types of explants 

towards different hormone treatments. 

 

 

As can be observed from Figure 4.1, 52.38% from a total of 21 hormone 

combinations that were used in this experiment managed to produce somatic embryos in 

root explants, followed by 47.62% for the leaf explants and 19.05% for the bulb 

explants. This therefore indicates that roots were the most responsive explants for 

induction of somatic embryogenesis. 

 

4.3.2 Identification of Embryogenic Callus 

The identification of embryogenic callus was achieved by testing the callus via 

double staining technique using acetocarmine solution and Evan’s blue stain. In this 

test, the embrogenic callus cells would be stained red due to the acetocarmine solution, 

while non-embryogenic callus cells would be stained blue. The outcomes of this test are 

as depicted in Figures 4.2 and 4.3. 

Bulbs 
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Figure 4.2 : Embryogenic callus cells stained red with acetocarmine. 

 

 

 
Figure 4.3 : Non-embryogenic callus cells stained blue with Evan’s blue stain. 

 

 

4.3.3 Stages of Embryogenic Callus and Development of Microshoot 

The production of somatic embryos in dicotyledons followed a general rule, 

where from just proembryogenic cell masses, they took the forms of globular shapes, 

then matures into heart-shaped somatic embryos which in turn developed into torpedo-

shaped somatic embryos and eventually into cotyledonery somatic embryos (Moiseeva 

!!!!!!!!"!#$$!

!!"!#$$!



  80 

et al., 2006). However, being a monocotyledon, formation of somatic embryos in A. 

praecox ssp. minimus proceed through a series of slightly different stages than that of 

dicotyledon, namely globular, elongated, scutellar and coleoptilar stages (Gupta and 

Conger, 1999; Godbole et al., 2002).  

 

Somatic embryogenesis had been successfully achieved in Agapanthus praecox 

and the somatic embryogenic developmental stages can clearly be observed from 

Figures 4.4 to 4.7. The cells undergo periclinal and anticlinal division that yielded the 

development of globular somatic embryos (Figure 4.4), which subsequently elongate 

and undergo scutellar (Figure 4.5) and coleoptilar stages (Figure 4.6). As seen in Figure 

4.4, the production of globular-shaped somatic embryos occurred on the whole surface 

of the explant, where spherical bodies were seen to be forming on most of the explant’s 

surface. 

 

 
Figure 4.4 : Globular-shaped phase somatic embryos produced from leaf explant  

cultured on MS media supplemented with 2 mg/L PIC. 

!!!!!!!!!"  2 mm 
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Figure 4.5 : Somatic embryos produced from leaf explant cultured on MS media 

supplemented with 2 mg/L PIC, at the scutellar stage showing the coleoptile (c). 

 

 

  
Figure 4.6 : Somatic embryo produced from bulb explant cultured on MS  

media supplemented with 1 mg/L 2,4-D, at the coleoptilar stage. 

 

 

In this chapter, the developmental stages of A. praecox ssp. minimus 

microshoots on callus derived from several explant types had been successfully 

observed, as depicted in Figures 4.7 to 4.11. Figures 4.7 shows the production of a 

microshoot from bulb explant cultured on MS media supplemented with 1 mg/L 2, 4-D, 

while Figures 4.8 to 4.10 show the development of microshoots from root explants. As 

  1 mm 

  2 mm 
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      c 
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can be observed from these Figures, it can be said that the microshoots had been formed 

from bulb explants were somewhat morphologically different than that of root explants. 

The production of multiple microshoots had also been observed when root explants 

were cultured on MS media supplemented with combinations of 2 mg/L NAA and 2 

mg/L BAP (Figure 4.11). 

 

 
Figure 4.7 : Development of microshoot from somatic embryo of  

A. praecox ssp. minimus, from bulb explant cultured on MS media  

supplemented with 1 mg/L 2,4-D. 

 

 

 
Figure 4.8 : Development of microshoots from somatic embryos of A. praecox  

ssp. minimus, from root explant cultured on MS media supplemented with 1  

mg/L NAA and 1 mg/L BAP. 
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Figure 4.9 : Further development of the microshoot from somatic  

embryo of A. praecox ssp. minimus, from root explant cultured on  

MS media supplemented with 1 mg/L NAA and 1 mg/L BAP. 

 

 

 
Figure 4.10 : The microshoot from somatic embryo of A. praecox  

ssp. minimus further developed to form multiple shoots, from root  

explant cultured on MS media supplemented with 1 mg/L NAA and  

1 mg/L BAP. 

 

!!!!!!!!!"
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Figure 4.11 : Multiple microshoots from somatic embryo of A. praecox  

ssp. minimus, derived from root explant cultured on MS media  

supplemented with 2 mg/L NAA and 2 mg/L BAP. 

 

 

4.3.4 Organogenesis and Regeneration of Complete Plantlet 

Indirect organogenesis was also observed in in vitro grown A. praecox ssp. 

minimus, whereby organs such as root was observed to be growing from the callus. For 

example, as can be observed from Figure 4.12, a root was produced from callus 

obtained from root explant cultured on MS media supplemented with 1 mg/L TDZ.  

 
Figure 4.12 : Formation of root from embryogenic  

callus, derived from root explant cultured on MS media  

supplemented with 1 mg/L TDZ. 
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Regeneration of complete plantlets had also been successfully obtained in this 

chapter when the somatic embryos were transferred onto plant growth regulator-free 

MS medium. However, interestingly, complete plantlets were also formed from callus 

obtained from bulb explants that were cultured on MS media supplemented with 2, 4-D. 

This is shown in Figure 4.13.  

 

 
Figure 4.13 : Regeneration of complete plantlet from  

somatic embryo of A. praecox ssp. minimus, from  

bulb explant cultured on MS media supplemented  

with 1 mg/L 2,4-D. 
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4.4 SUMMARY OF RESULTS 

 

1. All hormone treatments used in this chapter (combinations of NAA and BAP, 

2,4-D and Picloram) managed to induce the production of embryogenic callus 

from leaf explants of A. praecox except for TDZ and Picloram (when the 

cultures were maintained in the dark). 

2. Roots were the most responsive explants for induction of somatic 

embryogenesis, as 52.38% from a total of 21 hormone combinations that were 

used in this chapter yielded embryogenic callus. 

3. Somatic embryogenesis from bulb explants was only observed on cultures 

supplemented with 2, 4-D. 

4. Somatic embryogenesis had been successfully achieved in A. praecox and the 

somatic embryogenic developmental stages were clearly observed and captured. 

5. Microshoot that had been formed from bulb explant was somewhat 

morphologically different than that of root explant. 

6. The production of multiple microshoots was observed when root explants were 

cultured on MS media supplemented with combinations of 2 mg/L NAA and 2 

mg/L BAP. 

7. Regeneration of complete plantlets had also been successfully obtained when the 

somatic embryos were transferred onto plant growth regulator-free MS medium. 

8. Complete plantlets were also formed from callus obtained from bulb explants 

that were cultured on MS media supplemented with 2, 4-D at concentrations 

ranging from 0.5 mg/L to 2.0 mg/L. 



  87 

CHAPTER 5 

ACCLIMATIZATION OF PLANTLETS OF Agapanthus praecox ssp. 

minimus 

 

5.1 EXPERIMENTAL AIMS 

 

 The ability of the plants to fully adapt to the natural environmental conditions is 

very essential to ensure the plants’ healthy growth upon their transfer from in vitro to ex 

vitro conditions. During the in vitro cycle, the plant growth was subjected to and limited 

by the size of the vials/containers and the nutrients supplied by the growth media (MS). 

In the case of in vitro regeneration with the use of plant growth regulators or plant 

hormones, the supplementary hormone that had been added also influenced the growth 

of the in vitro plantlets.  

 

During acclimatization, the growth of the plantlets had to continue without 

depending on the added plant hormones or nutrients and is no longer restricted by the 

size of the vials/containers. The plantlets were forced to adapt to the new environmental 

conditions ex vitro and their ability to fully acclimatize is studied in this chapter. 

Acclimatization is very important to ensure vigorous growth and high survival rates 

(Hazarika, 2003) and is not unique to plants produced in vitro, but also in conventional 

plant propagation (Preece and Sutter, 1991). 

 

 In this chapter, the aim of the experiment was to calculate the survival rates of 

the acclimatized plantlets, subject to the research variables tested. Several variables 

were studied in this chapter such as the type of plantlets (in vitro or in vivo) and the type 

of growth media used. Plantlets regenerated from different pathways such as from direct 
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regeneration via micropropagation, indirect regeneration via somatic embryogenesis, 

plantlets derived from aseptic seedlings (as control) as well as in vivo plants were 

acclimatized and their survival rates were calculated. The growth media that yielded the 

highest growth rate was also identified. Besides that, the macrophology and 

micromorphology of the acclimatized plantlets were observed to compare the 

characteristics between the in vivo and in vitro plants. 
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5.2 MATERIALS AND METHODS 

 

5.2.1 Source of In Vitro Plantlets 

All plantlets produced from direct regeneration (via micropropagation) and 

indirect regeneration via somatic embryogenesis of Agapanthus praecox ssp. minimus 

were acclimatized for further growth and development. Plantlets derived from aseptic 

seedlings were also acclimatized (as control) and these in vitro grown plantlets were 

compared with intact plants of similar age.  

 

5.2.2 Acclimatization of A. praecox ssp. minimus Plantlets 

The in vitro plantlets were taken out from their respective containers carefully 

and all adhering MS media stuck onto the plantlets were washed off using sterile 

distilled water. The plantlets were then transferred onto the respective growth media in 

vases covered with plastic bags and acclimatized in culture rooms for one month.  

 

The plantlets were then transferred to a green house and their ability to fully 

adapt to the natural conditions were monitored. Four plantlets variables/categories were 

tested in this experiment; plantlets produced from somatic embryos, plantlets produced 

from direct regeneration of young bulbs, plantlets derived from aseptic seedlings and 

intact plants. Plantlets were transferred to three different types of growth substrates as 

shown below and the best acclimatization technique with the highest survival rates was 

identified. 

1. Black Soil 

2. Red Soil 

3. Combination of black and red soil (1:1 ratio) 
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5.2.3 Comparison of Chlorophyll Content of Acclimatized In Vitro Plantlets and 

Intact Plants 

In general, greener leaves indicate higher chlorophyll content. Chlorophyll 

content of a leaf tissue is very important as it is directly related to a plant’s 

photosynthetic potential (Schlemmer et al., 2005). There are several factors that can 

affect the amount of chlorophyll present in a leaf tissue such as the availability of 

Nitrogen and water content (Schlemmer et al., 2005). This has been proven as 

yellowing leaves have been found to be lacking in chlorophyll, which on the other hand 

is also an indication of Nitrogen and water deficiency (Schlemmer et al., 2005).  

 

Therefore, for efficient photosynthesis, it is very important for the plants to have 

high amount of chlorophyll in the leaf tissues. This can be achieved by ensuring that the 

crop plants have sufficient amount of Nitrogen and water supply, as all these factors are 

interrelated (Schlemmer et al., 2005). The chlorophyll content of acclimatized in vitro 

Agapanthus praecox ssp. minimus plantlets and intact plants (of similar age) was 

measured using a SPAD (Soil Plant Animal Department of Minolta) meter and 

compared. 

  

5.2.4 Soil Analysis 

The growth media or substrates used in this chapter were subjected to soil 

analysis using the X-ray Diffractometer (XRD) to study the soil composition. The 

growth media were ground into powder form and compressed into a tablet before being 

analyzed. X-ray diffraction is a non-destructive technique that allows the identification 

of each component within the sample. In this chapter, the composition of each growth 

media used in the acclimatization process was identified and compared, therefore 
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acknowledging the composition of growth media that yielded the highest plantlets 

survival rate. 

 

5.2.5 Macromorphology Studies 

The macromorphology of the plantlets were studied, before and after 

acclimatization process. The plant height, number of leaves and leaf diameter were 

measured. The observations were conducted on Day 0, Day 30 and Day 90 after 

acclimatization. The ability of the plantlets to survive in natural environment was 

compared to each other according to their respective culture protocols (either from 

direct regeneration or somatic embryos or aseptic seedlings).  

 

5.2.6 Micromorphology Studies 

The acclimatized in vitro Agapanthus praecox ssp. minimus plantlets were 

subjected to microscopic studies to observe and compare the micro-morphological 

features with the in vivo grown plants. Prior to treating the leaf samples with different 

types of chemicals, the leaves were first cut into 5 mm x 5 mm pieces. Then, the leaf 

samples were fixed in 4% gluteraldehyde in cacodylate buffer for at least 4 hours. The 

samples were then washed twice with cacodylate buffer for 10 minutes each and fixed 

in 1% Osmium (OSO4) for 1 hour. Following that, the samples were washed twice with 

distilled water for 10 minutes each.  

 

After fixation, the samples were dehydrated in a series of ethanol (30%, 50%, 

70%, 80%, 90%, 95% and 100%) for 15 minutes each. After that, the samples were 

dehydrated in a series of ethanol and acetone mixture (with ethanol to acetone ratio of 

3:1, then 1:1 and lastly 1:3) for 15 minutes each. The samples were then dehydrated in 
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pure acetone three times for 20 minutes each and were then subjected to critical point 

drying (CPD) process for 1 hour. 

 

After dehydration, the samples were mounted on stubs using double sided tapes 

and coated with gold by using a sputter coater. The samples were then viewed using a 

scanning electron microscope (SEM) (Jeol JSM-6400). 

 

5.2.7 Statistical Data Analysis  

Complete block design (RCBD) was employed in this chapter. Data obtained 

was analyzed using the IBM SPSS Statistics 19 software (International Bussiness 

Machines Corp., Armonk, NY). Statistical variance analysis was conducted using 

ANOVA (Duncan’s Multiple Range Test or DMRT) and compared with least 

significant differences at 5% level, where mean values with different letters in the same 

column differ significantly at P < 0.05. 
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5.3 RESULTS 

 

5.3.1 Acclimatization of Plantlets from Various Regeneration Pathways 

In vitro plantlets from different regeneration pathways such as from direct 

regeneration and somatic embryogenesis were cultured and their growth was monitored 

in comparison to the plantlets derived from aseptic seedlings. These in vitro grown 

plantlets were acclimatized under similar conditions and their macromorphological 

features before and after acclimatization was monitored.  

 

As depicted in Table 5.1, after three months being acclimatized on black (peat) 

soil, acclimatized in vitro plantlets that were derived from aseptic seedlings (control) 

showed the highest number of leaves and a lot taller than the acclimatized in vitro 

plantlets that were derived from somatic embryos and through direct regeneration. This 

is as anticipated, as plantlets generated as a result of subsequent tissue culture 

experiments are generally smaller than the aseptic seedlings. Furthermore, it was also 

observed that the acclimatized plantlets obtained through direct regeneration showed 

more number of leaves and were significantly taller than that derived from somatic 

embryos, although inferior than plantlets derived from aseptic seedlings. However, the 

leaf sizes of all three in vitro categories were not significantly different between one 

another (p > 0.05). 

 

Nevertheless, the intact plants (of similar age) showed superior results compared 

to that of in vitro plantlets, for all three categories being compared. From this, it could 

be deduced that although in vitro grown plantlets did not exhibit superior growth 

parameters when compared to aseptic seedlings and intact plants, successful 

acclimatization had been shown to be possible with high survival rates (Table 5.4). The 
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prospect of mass propagation of this species through tissue culture had now became 

more promising as it was shown that the in vitro regenerated plantlets can be 

successfully acclimatized, although they exhibit less superior growth performance as 

compared to intact plants and plantlets derived from aseptic seedlings. 



!

Table 5.1 : Comparison of macromorphological characters of (A) plantlets derived from somatic embryos, (B) plantlets derived from direct 

regeneration, (C) aseptic seedlings (control) and (D) intact plants of similar age (2-month-old) (control), after 3 months being acclimatized on peat soil. 

Plant height (mm) No. of leaves Leaf length (mm) 
Plantlet 

category 
Day 0 After 30 days After 90 days Day 0 After 30 days After 90 days Day 0 After 30 days After 90 days 

A 52.10 ± 2.26a 62.10 ± 1.73a 67.10 ± 1.99a 2.50 ± 0.31a 4.20 ± 0.29a 5.70 ± 0.34a 4.40 ± 0.31a 20.70 ± 0.75a 40.30 ± 1.18a 

B 75.60 ± 2.01b 89.70 ± 2.50b 96.20 ± 2.34b 6.70 ± 0.42b 8.80 ± 0.49b 10.40 ± 0.50b 4.70 ± 0.37ab 43.60 ± 2.86b 42.30 ± 0.87a 

C 122.00 ± 2.13c 132.70 ± 1.61c 158.30 ± 2.22c 8.80 ± 0.53c 10.80 ± 0.59c 12.60 ± 0.67c 5.60 ± 0.48b 50.60 ± 2.11c 58.30 ± 1.83b 

D 142.00 ± 2.61d 187.80 ± 5.20d 199.40 ± 4.53d 13.70 ± 0.79d 15.00 ± 0.75d 16.30 ± 0.83d 8.10 ± 0.39c 52.30 ± 2.12c 56.90 ± 2.16b 

Mean alues with different letters within a column are significantly different at p < 0.05. 

 
9

5
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Figure 5.1 : Two-month-old in vitro plantlets growing on peat soil and covered with plastic  

(with small holes) for acclimatization process in the culture room. 

 

 

 
Figure 5.2 : Three-month-old A. praecox ssp. minimus plantlet after 30 days of  

acclimatization in culture room and ready to be transferred to the green house. 
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Figure 5.3 : Five-month-old A. praecox ssp. minimus plantlet after 90 days  

of acclimatization. 

 

 

5.3.2 Soil Analysis 

The growh media or soil used in the acclimatization process in this chapter was 

sent for analysis using the X-ray Diffractometer (XRD) to determine its composition. 

There were three types of growth media used in this chapter namely the black soil (or 

peat soil), red soil and combination of red and black soil (1:1 ratio). 

 

!!!!!!!!""""#"$%"
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Figure 5.4 : Graph listing all peaks of individual compounds in red soil generated by X-ray 

Diffractometer (XRD). 

 

 

As can be observed from Figure 5.4, there are 25 phases or components that can 

be detected from the red soil, as represented by the peaks. However, there are only 5 

major peaks summarizing 5 major compounds that are present in the red soil, as 

detected by the X-ray Diffractometer. The peaks representing these 5 major compounds 

are shown in Figure 5.5. 
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Figure 5.5 : Graph listing the peaks of major compounds in red soil generated by X-ray 

Diffractometer (XRD). *The identity of the reference code is explained in Table 5.2. 

 

 

The 5 major compounds in red soil are quartz, potassium manganese oxide hydrate, 

zeolite rho (Sr-, (NH4)-exchanged, dehydrated), hydrogen and cobalt dicopper oxide, as 

shown in Table 5.2.  

 

Table 5.2 : Major compounds in red soil as identified by X-ray Diffractometer (XRD). 

Reference Code Score Compound Name Chemical Formula 

98-015-4289 64 Quartz O2 Si1 

98-008-1367 25 

Potassium Manganese 

Oxide Hydrate 

(0.27/1/2/0.54) 

H1.08 K0.27 Mn1 O2.54 

98-007-1805 0 
Zeolite Rho (Sr-, (NH4)-

exchanged, dehydrated) 

H6.8 Al12 Cs1.1 N1.7 

O96 Si36 Sr4.6 

98-006-2018 20 Hydrogen - Para H2 

98-003-3996 18 Cobalt Dicopper Oxide Co1 Cu2 O3 
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The individual compounds present in the black soil as determined via x-ray 

diffraction is shown in Figure 5.6. There are 4 phases or components that can be 

detected from the black soil, as represented by the peaks. However, there are only 3 

major peaks summarizing 3 major compounds that are present in the black soil, as 

detected by the X-ray Diffractometer. The peaks representing these 3 major compounds 

are shown in Figure 5.7. 

 

 
Figure 5.6 : Graph listing all peaks of individual compounds in black soil  

generated by X-ray Diffractometer (XRD). 

 

 

 
Figure 5.7 : Graph listing the peaks of major compounds in black soil  

generated by X-ray Diffractometer (XRD). *The identity of the reference code  

is explained in Table 5.3. 
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The three major compounds in black soil are cadmium indium selenide, lithium 

oxide and titanium fluoride, as shown in Table 5.3. 

 

Table 5.3 : Major compounds in black soil as identified by X-ray Diffractometer 

(XRD). 

Reference Code Score Compound Name Chemical Formula 

98-004-3035 37 

Cadmium Indium 

Selenide 

(0.96/1.93/4) - 

Superstructure 

Cd0.963 In1.926 Se4 

98-064-2216 19 
Lithium Oxide 

(1/2) 
Li1 O2 

98-006-5410 16 
Titanium(II) 

Fluoride 
F2 Ti1 

 

 

5.3.3 The Effects of Different Growth Media on Acclimatization of Plantlets 

Three different types of growth media were studied in this chapter including 

black (peat) soil, red soil and combination of black and red soil (1:1 ratio). The results 

showed that plantlets from different regeneration pathways (Table 5.1) could grow well 

and all were successfully acclimatized. However, the survival rates of the acclimatized 

plantlets differed for every type of growth media used, as shown in Table 5.4. 

 

Table 5.4 : Survival rates of acclimatized plantlets grown on different types of growth 

media. 

Type of growth media Survival rate (%) 

Black soil 86.67 ± 6.31b 

Red soil 73.33 ± 8.21a 

Black soil + red soil 

(1:1 ratio) 
96.67 ± 3.33c 

Mean values with different letters within a column are significantly different at p < 0.05. 
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5.3.4 Chlorophyll Content 

The chlorophyll content of the acclimatized plantlets was measured using a 

SPAD meter, to compare the chlorophyll content between in vivo and in vitro grown 

Agapanthus praecox ssp. minimus plantlets. Chlorophyll is a critical component for 

photosynthesis, where plants use chlorophylls to absorb sunlight, which is then 

transformed into energy to be used for carbohydrate synthesis from carbon dioxide 

(CO2) and water. The comparison of chlorophyll content between the acclimatized in 

vivo, in vitro and ex vitro plantlets is shown in Figure 5.8, where in vivo plants showed 

SPAD reading of 38.7 ± 5.3 SPAD, while in vitro and ex vitro plantlets showed SPAD 

readings of 13.3 ± 0.7 SPAD and 21.9 ± 3.8 SPAD, respectively. 

 

 
Figure 5.8 : Comparison of chlorophyll content between the in vivo, in vitro and ex vitro plants. 

 

5.3.5 Macromorphological Observations 

Based on the observations conducted on the acclimatized in vitro plantlets, there 

were no morphological irregularities observed on the in vitro plantlets, as compared to 

the in vivo grown plants. However, the size of the leaves (measured in terms of the leaf 

diameter), plant height and number of leaves varied depending on the regeneration 
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pathways. As can be observed from Table 5.1, the plant height, number of leaves and 

leaf size of in vivo grown plants were superior to that of acclimatized in vitro plantlets. 

However, no somaclonal variation was observed among the in vitro plantlets, for 

example the leaves looked morphologically similar despite the differences in size (leaf 

length). 

 

5.3.6 Micromorphological Observations 

Scanning electron microscopy (SEM) revealed the surface structures of the in 

vivo and in vitro samples in detail. Leaf samples from in vivo and in vitro grown 

Agapanthus praecox ssp. minimus were subjected to SEM and it was shown that for 

both in vivo and in vitro grown A. praecox ssp. minimus leaves, the abaxial surface of 

the leaf had more stomata than on the adaxial surface, as depicted in Figures 5.9 to 5.12. 

Besides that, it was also observed that the leaf of in vivo grown A. praecox ssp. minimus 

had more stomata than leaf of in vitro grown A. praecox ssp. minimus, as can be seen 

from the abaxial surfaces of the leaf samples (Figures 5.10 and 5.12). 

 

Morphologically, as observed via SEM, the surface of in vivo leaf was more 

rigid compared to the soft structure of the in vitro grown A. praecox ssp. minimus leaf. 

These can be observed from Figures 5.9 to 5.12, where it was shown that the surface of 

in vitro grown A. praecox ssp. minimus leaf appears to be undulating and not smooth. 

Besides that, it was also observed that the outline of the epidermal cell walls were very 

apparent for both adaxial and abaxial surfaces of in vivo grown A. praecox ssp. minimus 

leaves compared to that of in vitro grown A. praecox ssp. minimus leaves, as shown in 

Figures 5.9 to 5.12. 
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Figure 5.9 : SEM of in vivo grown A. praecox ssp. minimus leaf  

(adaxial) showing few stomata structures (bar represents 100 µm). 

 

 

 
Figure 5.10 : SEM of in vivo grown A. praecox ssp. minimus leaf  

(abaxial) showing a lot of stomata structures (bar represents 100 µm). 
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Figure 5.11 : SEM of in vitro grown A. praecox ssp. minimus leaf  

(adaxial) showing few stomata structures (bar represents 100 µm). 

 

 

 
Figure 5.12 : SEM of in vitro grown A. praecox ssp. minimus leaf  

(abaxial) showing a lot of stomata structures (bar represents 100 µm). 
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It was also observed that the abaxial surface of the in vivo leaf was hairy (Figure 

5.13), while the abaxial surface of the in vitro leaf had no hair structures (Figure 5.14). 

However, the adaxial surfaces of both in vivo and in vitro leaves also had no hair 

structures as depicted in Figures 5.15 (in vivo leaf sample) and 5.16 (in vitro leaf 

sample). As for the size of the stoma, both in vivo and in vitro grown A. praecox ssp. 

minimus leaves had similar stoma size (32.86 µm). Based on the SEM micrographs of 

the stomata, it was observed that the stomata of A. praecox ssp. minimus were 

anomocytic, whereby the guard cells of the stomata were not surrounded by any 

subsidiary cells (Perveen et al., 2007). 

 

 
Figure 5.13 : SEM of in vivo grown A. praecox ssp. minimus leaf sample  

(abaxial) showing a lot of hair structures (bar represents 10 µm). 
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Figure 5.14 : SEM of in vitro grown A. praecox ssp. minimus leaf  

sample (abaxial) showing no hair structures (bar represents 10 µm). 

 

 

 
Figure 5.15 : SEM of adaxial surface of in vivo grown A. praecox  

ssp. minimus leaf (bar represents 10 µm). 
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Figure 5.16 : SEM of adaxial surface of in vitro grown A. praecox ssp.  

minimus leaf (bar represents 10 µm). 

 

 

The cross-sections of both in vivo and in vitro grown A. praecox ssp. minimus 

leaf samples were also viewed through SEM. As shown in Figures 5.17 and 5.18, the 

cross-sections of both in vivo and in vitro grown A. praecox ssp. minimus leaf showed 

spongy mesophyll that is interspersed with air spaces. Figure 5.18 also showed a 

palisade cell of in vitro grown A. praecox ssp. minimus that had been fractured open to 

reveal its chloroplasts. 

 

The micro-morphological features of in vitro grown A. praecox ssp. minimus 

leaves as viewed via SEM showed no detection of somaclonal variation, when 

compared to in vivo grown A. praecox ssp. minimus leaves. 
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Figure 5.17 : Cross-section of in vivo grown A. praecox ssp.  

minimus leaf sample showing spongy mesophyll (bar represents  

10 µm). 

 

 

 
Figure 5.18 : Cross-section of in vitro grown A. praecox ssp.  

minimus leaf showing a palisade cell containing chloroplasts  

(bar represents 10 µm). 
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5.4 SUMMARY OF RESULTS 

 

1. The acclimatized in vitro plantlets that were regenerated through seeds culture 

showed the highest number of leaves and taller than the acclimatized plantlets 

that were derived from somatic embryos and through direct regeneration. 

2. The leaf sizes (length) of the acclimatized in vitro plantlets from different 

regeneration pathways (via micropropagation and somatic embryogenesis, with 

leaf length of 40.30 ± 1.18 mm and 42.30 ± 0.87 mm, respectively) were not 

significantly different between one another, except that of seeds culture (58.30 ± 

1.83 mm). 

3. In vivo grown plants showed superior results in terms of plant height, number of 

leaves and leaf size (length) as compared to in vitro plantlets. 

4. Red soil contains 5 major compounds, namely quartz, potassium manganese 

oxide hydrate, zeolite rho (Sr-, (NH4)-exchanged, dehydrated), hydrogen and 

cobalt dicopper oxide. 

5. Black (peat) soil contains 3 major compounds, namely cadmium indium 

selenide, lithium oxide and titanium fluoride. 

6. There were no morphological irregularities or somaclonal variations observed on 

the in vitro plantlets, as compared to the in vivo plants. 

7. The abaxial surface of both in vivo and in vitro A. praecox ssp. minimus leaves 

had more stomata than on the adaxial surface. 

8. The leaf of in vivo grown A. praecox ssp. minimus had more stomata than leaf of 

in vitro grown A. praecox ssp. minimus, as observed from the abaxial surfaces of 

the leaf samples. 
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9. The surface of in vivo leaf is more rigid compared to the soft structure of the in 

vitro grown A. praecox ssp. minimus leaf that appears to be undulating and not 

smooth. 

10. The abaxial surface of the in vivo leaf was hairy, while the abaxial surface of the 

in vitro leaf had no hair structures. 

11. Both in vivo and in vitro grown A. praecox ssp. minimus leaves had similar 

stoma size (32.86 µm). 

12. The stomata of A. praecox ssp. minimus were anomocytic, as it was apparent 

that the guard cells of the stomata were not surrounded by any subsidiary cells. 

13. The cross-sections of both in vivo and in vitro grown A. praecox ssp. minimus 

leaves showed spongy mesophyll that is interspersed with air spaces. 

14. The micro-morphological features of in vitro grown A. praecox ssp. minimus 

leaves as viewed via SEM showed no detection of somaclonal variation, when 

compared to in vivo grown A. praecox ssp. minimus leaves. This correlates with 

the macro-morphological observations, which further confirms that no 

somaclonal variations had been detected. 
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CHAPTER 6 

CELLULAR BEHAVIOUR OF Agapanthus praecox ssp. minimus 

GROWN IN VIVO 

 

6.1 EXPERIMENTAL AIMS 

 

Meristematic cells of roots have long been employed as the standard tissue or 

cells for cytological studies as well as in cycling-cell studies (Gimenez-Martin et al., 

1966). The use of roots in these studies are comparatively uncomplicated than using 

other meristematic tissues such as shoot tips, because they can be handled and produced 

easily, as roots can be grown from seeds germinated in only water. This therefore 

allows growth of primary roots to be observed and recorded, therefore serving as the 

control in this experiment.  

 

In this chapter, the aim of the experiment was to determine the standard root 

growth and to observe the cellular behaviour (depicted in terms of the cells’ mitotic 

index (MI), chromosome counts, ratio of nuclear area to cell area and DNA C values) of 

Agapanthus praecox ssp. minimus plants in vivo. The standard root length obtained 

from this chapter would be used in subsequent cytological experiments to observe the 

cellular behaviour of A. praecox ssp. minimus in vivo and in vitro. Moreover, the 

cellular parameters measured in this chapter would be used as a comparison to that of A. 

praecox ssp. minimus plants grown in vitro. This would provide an insight to the 

cellular changes that occurred when this plant species is grown in vitro, or when cells 

are transferred from in vivo to in vitro conditions. Therefore, these parameters could 

help in determining or detecting any occurrence of somaclonal variations in this species. 
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6.2 MATERIALS AND METHODS 

 

6.2.1 Determination of Standard Primary Root Growth 

Growth measurements are obtained through measurements of average values of 

the parameters tested, from a group of roots that are as homogenous as possible (Pilet, 

1991). Determining the standard root age and root length allows subsequent 

experiments to be conducted using root segments that are uniform throughout the roots 

population. This is important as the selection of roots would not only depend on the age 

of the seedlings after planting, but also with consideration of their physiological age 

depending on the growth pattern of the roots (Jensen, 1955). 

 

The methods used in measuring the standard growth of the primary root length 

of in vivo and in vitro plants were almost similar, but with a few modifications in terms 

of the materials used. In order to sterilize the seeds, they were first washed and 

sterilized by using an appropriate sterilization protocol. The first step involved the seeds 

being immersed in a test tube filled with distilled water for two hours. After that, the 

seeds were washed with 100% Clorox (v/v) with two drops of Tween 20 for one minute 

(immersed in the respective Clorox solution in a sterile tube and the tubes were shaken 

vigorously) and then washed three times with distilled water.  

 

The seeds were then washed with 70% Clorox (v/v), followed by 3 times rinsing 

with distilled water. The same step was repeated again, but with 30% Clorox (v/v) 

instead. Afterwards, the seeds were brought into the Laminar Flow and washed with 

70% ethanol (v/v) for 30 seconds, followed by 3 times washing with sterile distilled 

water. The seeds were then used for induction of root growth in vivo and in vitro. 
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6.2.2 Standard Growth of Primary Root Length of Agapanthus praecox ssp. 

minimus 

In order to measure the standard growth of primary root length for the in vivo 

plants, firstly, immediately after sterilization of the seeds, they were cultured in a petri 

dish containing sterilized wet cotton wools. Since the seeds of Agapanthus praecox ssp. 

minimus were quite small, each petri dish was cultured with 10 seeds. In this part of the 

study, 10 petri dishes were used, hence giving a total of 100 seeds altogether being 

cultured. The cotton wools in each petri dish were wetted twice everyday by using 

sterile distilled water and the cultures were maintained in 16 hours light and 8 hours 

dark, at 25°C ± 1°C.  

 

Standard growth of in vitro primary root length was also measured as a 

comparison. To do this, the sterilized seeds were cultured in a petri dish containing 

sterilized MSO media by using aseptic techniques in the Lamina Flow. Similar to the 

protocol used in measuring the standard growth for the in vivo plants, 10 petri dishes 

were used, with 10 seeds in each petri dish, giving a total of 100 seeds altogether being 

cultured. After all the seeds had been cultured in the MSO media, the petri dishes were 

wrapped with parafilm to prevent contamination. Then, the cultures were maintained in 

16 hours light and 8 hours dark, at 25°C ± 1°C. This was done to serve as a comparison 

with the primary root length obtained in vivo. 

 

The length of the primary root of the seedlings was measured using a thread and 

a ruler, at the same time everyday, until majority of primary roots developed secondary 

roots. The length of the primary roots (each day) was averaged and was plotted into a 

graph of the average length of the primary roots (Y-axis) against time (X-axis). Then, a 
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linear regression analysis was conducted to find the relationship between both factors, 

by using the formula shown below: 

Y = mX + c 

m = gradient or slope of the graph 

c = intercept at Y-axis 

 

6.2.3 Cytological Studies of Primary Roots of Agapanthus praecox ssp. minimus 

In Vivo 

In cytological studies of meristematic parts of a plant, measurements should be 

carried out in relative conditions to what is normal to that particular species, genotype 

and environment. This is done by observing the in vivo roots under appropriate 

conditions, that are determined prior to studying the cells in vitro. In order to study 

cellular activities of A. praecox ssp. minimus, parameters such as the mitotic index (MI), 

chromosome counts, mean cell and nuclear areas, nuclear C-DNA measurements and 

ploidy levels were investigated. 

 

6.2.3.1 Feulgen Squash Technique 

Seeds of Agapanthus praecox ssp. minimus were germinated as described in 

Chapter 6 (section 2.1). The primary roots of the 13-day-old seedlings with standard 

length of 12.12 ± 1.07 mm from previous experiment (section 3.1) were used in this 

experiment. At least six primary roots were fixed in Farmer’s fluid, which consisted of 

3:1 (v/v) of absolute ethanol and glacial acetic acid for at least 30 minutes. The roots 

were then washed in 3 changes of water and hydrolysed in 5N HCl for 50 minutes at 

room temperature with occasional agitation. Following that, the seeds were washed in 

water for 1 minute to remove any adhering acid and were then stained by Feulgen 

(Schiff’s) reagent for 2 hours. The root segments were then rinsed in several changes of 
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tap water for 5 to 10 minutes and were washed in three changes of SO2 water (Appendix 

II) for 5 minutes each.  

 

Subsequently, the root segments were rinsed in several changes of distilled 

water and any excess water was blotted using a filter paper. The apical meristem of the 

root segments were subdivided and squashed, followed by addition of a small drop of 

45% acetic acid on clean slides. The slides were then heated gently by passing over a 

spirit lamp a few times. 

 

6.2.3.2 Preparation of Permanent Slides 

In order to prepare the permanent slides, the methods described by Conger and 

Fairchild (1953) were followed. To do this, the slides were frozen on a flat surface of 

dry ice for 10 minutes and the coverslips were levered off using a razor blade. 

Immediately before thawing, the slides and coverslips were immersed in 95% ethanol 

(with root materials facing forward) for 2 minutes and were subsequently transferred 

into a container containing 100% ethanol for 5 minutes. After that, the slides and 

coverslips were quickly drained using filter paper and mounted using DPX, an organic 

mountant. The permanent slides were then viewed using Axioskop Zeiss (Germany) 

microscope attached to AxioCam MRc video camera and were then analyzed using 

AxioVision 4.7 software to measure the mitotic index (MI), chromosome counts, cell 

and nuclear areas as well as DNA content for ploidy analysis of Agapanthus praecox 

ssp. minimus root cells. 

 

6.2.3.3 Measurement of Mitotic Index (MI) 

Mitotic index (MI) is the sum of cells that are undergoing division or mitosis, 

such as cells in prophase, metaphase, anaphase and telophase, that are expressed in 
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terms of a percentage of all cells counted. The mitotic index was measured by scoring 

these cells from at least 600 cells in a series of random transect across the permanent 

slides. The data is obtained in three replicates from three slides. The average MI values 

for three slides were calculated. 

 

6.2.3.4 Chromosome Count 

The number of chromosomes was counted from 15 metaphase plates with 

suitable chromosome spreads. This was done in three replicates, from which the average 

values were calculated and the range of the number of chromosomes was determined. 

 

6.2.3.5 Mean Cell and Nuclear Areas 

Non-squash permanent slides of A. praecox ssp. minimus roots were prepared 

using protocols as described in Chapter 6 (section 2.3.1). The slides were counterstained 

in 0.2% (w/v) light green in absolute ethanol for 1 minutes, followed by immersion in 

absolute ethanol for another 10 minutes. The slides were then cleared in xylene for 10 

minutes and mounted using DPX. The mean nuclear and cell areas were measured from 

150 prophase cells from 3 slides. The ratio of nuclear to cell area was also determined 

from each sample. 

 

6.2.3.6 Nuclear DNA Content and Ploidy Level Analysis 

The amount of DNA (deoxyribonucleic acid) in every normal cell is constant for 

every species. DNA within a cell existed within the chromosomes, therefore DNA can 

be measured at any point in the cell cycle. By measuring the DNA content per cell 

during cell division as well as during Interphase, the ploidy level of the species can be 

determined. This is because ploidy analysis is based on the premise that the G0/G1 DNA 

content of a cell nucleus correlates with its chromosomal number, as DNA existed 
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within the chromosomes. The DNA content (2C) of a cell is duplicated and becomes 4C 

when the cell is ready to enter cell division. 

 

Measurements of DNA content are conducted by assigning an optical density 

(OD) or grey level to each sub-unit or pixel of the image, therefore the summed OD of 

pixels for each nucleus in the image are required. From this, the integrated optical 

density (IOD) is measured by adding together all the pixel values of every nucleus of 

interest and the mean IOD is then calculated. 

 

In order for the image to be analyzed and ploidy analysis to be conducted, the 

image of the cells must be captured and digitized. The image observed through the 

microscope is acquired by a video camera that is attached to the microscope. The image 

is then scanned using the computer and is divided into individual bits or pixels. This is 

done by measuring the amount of light passing through each pixel, which is then 

assigned with a grey level, measured on a scale from 0 (black) to 255 (white). The grey 

image is then processed and converted to pixels. The summed optical density of each 

nucleus is then measured and imported into spreadheet (Microsoft Excel) for further 

analysis. 

 

To do this, images of 10 cells in anaphase of telophase stages are captured and 

their DNA content is measured and averaged. Images of 10 cells in prophase stage are 

also captured and subjected to DNA content measurement. This will serve as the 

reference cells, where the cells in anaphase/telophase have 2C amount of DNA, while 

the cells in prophase stage contain 4C DNA amount because the chromosomes became 

thicker and the amount of DNA is doubled during prophase (about to divide) as 

compared to telophase (just divided). 
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Then, images of 150 cells in interphase stage were captured from three slides 

and were subjected to DNA content measurement. The ploidy level of the species is 

then determined by integrating the optical density of the cells compared to the reference 

nuclei (determined using cells in anaphase/telophase and prophase stages). The summed 

optical density of the cells of interest was measured using AxioVision 4.7 software and 

imported into spreadsheet using Microsoft Excel. From this, the DNA C value of each 

interphase cell is calculated and a histogram is generated. 
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6.3 RESULTS 

 

6.3.1 Standard Growth of Primary Root Length of Agapanthus praecox ssp. 

minimus 

The growth of primary roots of Agapanthus praecox ssp. minimus was quite 

slow, as it took 14 days for the secondary roots to start appearing. The growth of 

Agapanthus praecox ssp. minimus is depicted in Figure 6.1. 

 

 
Figure 6.1 : Germination stages of Agapanthus praecox ssp. minimus under 16 hours light  

and 8 hours dark, at 25°C ± 1°C. 

 

The primary roots started to grow on day 3 and the mean root length remained 

constant on day 3. However, the mean root length started to increase slowly on day 3 

until day 6 and started to grow even faster on day 7 until the emergence of secondary 

roots on day 14. On day 13, the mean primary root length was 12.12 ± 1.07 mm and this 

was chosen as the standard root length to be used in subsequent experiments, as it 

displayed the highest growth rate before the emergence of secondary roots on day 14. 

These are depicted in Table 6.1. 
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Table 6.1 : The mean (± SE) of primary root length obtained from 100 Agapanthus 

praecox ssp. minimus seedlings. 

Day Mean Root Length (mm) ±  SE 

1 0.00 ± 0.00 

2 0.00 ± 0.00 

3 2.00 ± 0.38 

4 2.00 ± 0.37 

5 2.43 ± 0.37 

6 3.22 ± 0.45 

7 7.10 ± 0.69 

8 8.50 ± 0.87 

9 9.13 ± 0.94 

10 9.28 ± 0.94 

11 10.4 ± 1.11 

12 11.36 ± 1.17 

13 12.12 ± 1.07 

14 12.40 ± 0.99 

 

The mean root length of Agapanthus praecox ssp. minimus versus time was 

imported into spreadsheet (using Microsoft Excel) and the data was plotted in a graph. 

The graph depicting the linear regression line showing the relationship between mean 

root length versus time is shown in Figure 6.2. 
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Figure 6.2 : The growth of primary roots of Agapanthus praecox ssp. minimus, germinated  

on moist cotton wools. 

 

As observed from Figure 6.2, the relationship between mean of primary root 

length (mm) and time (day) showed a linear regression, with an equation as depicted 

below: 

Y = 1.079X – 1.668 

R
2
 = 0.958 

 

The coefficient of determination (R
2
) of the linear regression obtained was 

0.958, which was very close to 1.0. R
2
 is the term used to describe the goodness of fit of 

a model, where it measures how well the regression line approximates the real data 

points. An R
2
 of 1.0 indicates that the regression line fits the data perfectly and in this 

chapter, the R
2
 value was 0.958 which indicated that the linear regression line obtained 

in this chapter was very good and highly represents the relationship between mean root 

length and the time required for the roots to grow.  
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6.3.2 Stages of Mitosis in Root Tip Meristem of Agapanthus praecox ssp. minimus 

In Vivo 

The cells of primary roots obtained from Agapanthus praecox ssp. minimus 

grown in vivo were quite large in size, therefore cell division and cells undergoing 

interphase could be easily identified. The 4 phases of mitosis had been successfully 

observed from root tips of A. praecox ssp. minimus in vivo.  

 

During prophase, the chromatin becomes condensed via a process called 

chromatin condensation which is mediated by the condensin complex. The chromatin 

becomes more visible as it gets fatter and shorter when it condenses into double rod-

shaped structures called chromosomes. During this phase, the chromosomes are 

homologous, where there are two identical copies of each chromosome. These identical 

copies of genetic material are called sister chromatids and are attached to each other at 

the centromere. A. praecox ssp. minimus cells (in vivo) undergoing prophase are shown 

in Figures 6.3 and 6.4. 

 
Figure 6.3 : Prophase observed from squashed preparation of in vivo  

A. praecox ssp. minimus root tip meristem cell. 
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Figure 6.4 : Another cell undergoing prophase, observed  

from squashed preparation of in vivo A. praecox ssp. minimus 

root tip meristem cell. 

 

 

Metaphase occurs after prophase, in which the condensed chromosomes become 

aligned in the middle of the cell. During this phase, the chromosomes are at their most 

condensed state and are attached to the spindle fibers by the centromeres. The 

centromeres arranged themselves on the metaphase plate, a term describing an 

imaginary line in the middle of two centrosome poles. Besides that, microtubules that 

were formed during prophase have also become attached to the kinetochores. An A. 

praecox ssp. minimus cell (in vivo) undergoing metaphase is shown in Figure 6.5. 

 

 
Figure 6.5 : Metaphase observed from squashed preparation of in  

vivo A. praecox ssp. minimus root tip meristem cell. 
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Following metaphase, the next phase in cell division is called anaphase. During 

anaphase, the chromosomes will split and migrate to opposite poles of the cell. The 

chromosomes are drawn to separate sides of the cell, whereby the non-kinetichore 

spindle fibers will push each other while the kinetichore spindle fibers are pulling the 

separated chromosomes to the different poles. As a result, the cell then stretches into an 

oval. A. praecox ssp. minimus cells (in vivo) undergoing anaphase are shown in Figures 

6.6 to 6.8. 

 

 
Figure 6.6 : Early anaphase observed from squashed  

preparation of in vivo A. praecox ssp. minimus root tip  

meristem cell. 

 

 

 
Figure 6.7 : Anaphase observed from squashed preparation  

of in vivo A. praecox ssp. minimus root tip meristem cell. 
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Figure 6.8 : Late anaphase observed from squashed preparation  

of in vivo A. praecox ssp. minimus root tip meristem cell. 

 

 

Telophase is the last phase in mitosis. During telophase, the spindle fibers 

continue to lengthen and nuclei would start to from at the opposite poles. The chromatin 

fibers of the chromosomes would uncoil and the genetic information (DNA) of each cell 

would then be equally divided into two, after telophase had been completed. An A. 

praecox ssp. minimus cell (in vivo) undergoing telophase is shown in Figure 6.9. 

 

 
Figure 6.9 : Telophase observed from squashed preparation  

of in vivo A. praecox ssp. minimus root tip meristem cell. 
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6.3.3 Measurement of Cellular Parameters In Vivo 

6.3.3.1 Mitotic Index 

At least 600 cells were observed in a series of random transect across the 

permanent slides in order to calculate the mitotic index (MI). To do this, the percentage 

of cells undergoing mitosis among all cells including interphase cells was calculated. 

Based on the observations conducted, the mitotic index of primary roots of A. praecox 

ssp. minimus grown in vivo was 10.84 ± 1.84 %.  

 

6.3.3.2 Chromosome Count 

The mean number of chromosomes was calculated from three replicates of 15 

metaphase plates with suitable chromosome spreads. The mean number of 

chromosomes of in vivo A. praecox ssp. minimus was 30.2 ± 0.66. An A. praecox ssp. 

minimus cell (in vivo) with a good chromosome spread is shown in Figure 6.10. 

 

 
Figure 6.10 : 30 chromosomes in a cell, as observed from squashed  

preparation of in vivo A. praecox ssp. minimus root tip meristem. 

 

6.3.3.3 Mean Nuclear and Cell Areas 

Mean nuclear areas, cell areas and ratios of nuclear areas to cell areas were 

calculated from three replicates of 150 prophase cells. The mean area of the nucleus was 
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742.20 ± 68.27 µm
2
, while the mean cellular area was 2738.96 ± 220.54 µm

2
. On the 

other hand, the ratio of nuclear area to cellular area was 0.28 ± 0.02 µm
2
. The mean 

nuclear area, cell area and their ratio are depicted in Table 6.2. 

 

Table 6.2 : The mean nuclear and cell area and their ratio in root meristem cells of in 

vivo grown Agapanthus praecox ssp. minimus plants. 

Mean Area (µm
2
) 

Agapanthus praecox ssp. 

minimus 
Nucleus (N) Cell (C) Ratio(N/C) 

in vivo 742.20 ± 68.27 2738.96 ± 220.54 0.28 ± 0.02 

 

 

6.3.3.4 Nuclear DNA Content and C Value In Vivo 

The nuclear DNA content of in vivo grown Agapanthus praecox ssp. minimus 

cells was measured from 150 interphase cells and the DNA C values were used to 

estimate the G1, S and G2 phases. DNA C values of 0.0 – 2.2 C are considered as G1, 

while 2.2 – 3.6 C as S, 3.6 - 4.8 C as G2 and > 4.8 C as polyploid histograms (Evans 

and Van’t Hof, 1974). 

 

It was found that 100% of nuclei observed from the root tip meristem of in vivo 

grown Agapanthus praecox ssp. minimus are in G1 phase and none in S or G2 phases. 

Similarly, no cells were observed to be polyploid, as the percentage for polyploidy is 

0%. The percentage of nuclei in various phases of cell cycle and polyploid cells are 

shown in Table 6.3. 

 

Table 6.3 : Percentage of nuclei from root tip meristem of in vivo grown Agapanthus 

praecox ssp. minimus in various cell cycle phases. 

Cell Cycle Phase (%) 
Agapanthus praecox ssp. 

minimus 
G1 S G2 

Polyploidy (%) 

in vivo 100.00 0.00 0.00 0.00 



  129 

These observations were imported into spreadsheet by using Microsoft Excel to 

be analyzed. Based on the histogram that had been regenerated, it can be said that in 

vivo grown Agapanthus praecox ssp. minimus cells are diploid. However, the histogram 

doest not really exhibit a modal G0/G1 peak that is centered around 2C because all cells 

of the sample population are still in G1 phase. The histogram describing the percentage 

of cells subject to their DNA C values is shown in Figure 6.11. 

 

 
Figure 6.11 : Histogram of DNA C values of cells from root tip meristem of primary roots  

of in vivo grown A. praecox ssp. minimus.  
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6.4 SUMMARY OF RESULTS 

 

1. The rate of root elongation based on the standard growth of the primary root was 

1.079 mm per day. 

2. The optimum root growth was found to be on the 13
th

 day with mean root length 

of 12.12 ± 1.07 mm. 

3. The mitotic index (MI) of primary roots of in vivo grown Agapanthus praecox 

was 10.84 ± 1.84 %. 

4. The mean number of chromosomes of in vivo grown Agapanthus praecox was 

30.2 ± 0.66. 

5. All (100%) of nuclei observed from the root tip meristem of in vivo grown 

Agapanthus praecox were in G1 phase and none in S or G2 phases. 

6. Based on the results obtained, the cells of in vivo grown Agapanthus praecox 

cells were observed to be diploid. 
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CHAPTER 7 

CELLULAR BEHAVIOUR OF Agapanthus praecox ssp. minimus 

GROWN IN VITRO 

 

7.1 EXPERIMENTAL AIMS 

 

Somaclonal variations often occur as a result of tissue culture, although it can 

occur naturally in somatic and reproductive tissues in plants, due to genomic shock or 

plasticity (Cullis, 2005). It can also occur when the plants are unable to withstand the 

stress of tissue culture, where the plants had exhausted their usual physiological 

responses to environmental stress (Cullis, 1999), in this case from in vivo to in vitro 

conditions. By studying the cellular behaviour of in vitro grown A. praecox ssp. 

minimus, informations on the cellular changes that may have occurred during tissue 

culture protocols could be pinpointed. This would provide a clearer understanding on 

how the plant cells may have changed to adapt to new growth environments when 

brought to in vitro conditions. 

 

In this chapter, the aim of the experiment was to observe the cellular behaviour 

(depicted in terms of the cells’ mitotic index (MI), chromosome counts, ratio of nuclear 

area to cell area and DNA C values) of Agapanthus praecox ssp. minimus plants grown 

in vitro. The cellular parameters measured in this chapter would be used as a 

comparison to that of A. praecox plants grown in vivo (Chapter 6). This would provide 

an insight to the cellular changes that occurred when this plant species is grown in vitro 

and therefore could help in determining any occurrence of somaclonal variations during 

tissue culture protocols. 
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7.2 MATERIALS AND METHODS 

 

7.2.1 Micropopagation of A. praecox ssp. minimus In Vitro 

In this chapter, seeds of A. praecox ssp. minimus were sterilized as described in 

section 2.2.3. Immediately after the sterilization process, the seeds were cultured on MS 

media without hormones (MSO) and incubated in the culture room at 25 ± 1°C with 16 

hours light and 8 hours for 4 weeks.  

 

Young bulbs of 4 week-old plantlets were used as explants and cultured on MS 

media supplemented with combinations of 1 mg/L IBA and 1 mg/L Kinetin, which was 

the best hormone for micropopagation of A. praecox ssp. minimus, as determined in 

Chapter 2 (section 3.2). The cultures were maintained in the culture room at 25 ± 1°C 

with 16 hours light and 8 hours for 5 weeks. After two weeks (the amount of time 

needed for the roots to grow and attained the required standard root length), roots with 

standard length of 12.12 ± 1.07 mm were harvested every week and subjected to 

cytological analysis. Cellular parameters such as mitotic index (MI), chromosome 

counts, cell and nuclear areas, DNA measurements and ploidy levels were investigated 

for in vitro A. praecox ssp. minimus regenerants. 

 

Roots with standard length of 12.12 ± 1.07 mm from 5-week-old in vitro 

plantlets obtained from tissue culture on MS basal media (MSO) were also subjected to 

cytological analysis for comparison. 

 

7.2.2 Embryogenic Callus Production 

In this part of the study, seeds of A. praecox ssp. minimus were sterilized as 

described in section 2.2.3. Immediately after the sterilization process, the seeds were 
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cultured on MS media without hormones (MSO) and incubated in the culture room at 

25 ± 1°C with 16 hours light and 8 hours for 4 weeks.  

 

Roots of 4 week-old plantlets were used as explants and cultured on MS media 

supplemented with 2 mg/L 2, 4-D, which was the best hormone for induction of 

embryogenic callus, as explained in sections 3.3.2 and 4.3.1. The cultures were 

maintained in the culture room at 25 ± 1°C with 16 hours light and 8 hours. In this 

chapter, root explants were used to produce the embryogenic callus, as roots were the 

most responsive explant, as described in section 4.3.1. Cellular parameters such as cell 

areas, nuclear areas and ratio of nuclear to cell areas were measured. 

 

7.2.3 Cytological Studies of Roots from In Vitro Grown A. praecox ssp. minimus 

In order to study cellular activities of in vitro grown A. praecox ssp. minimus, 

parameters such as the mitotic index (MI), chromosome counts, cell and nuclear areas, 

DNA measurements and ploidy levels were investigated. 

 

7.2.3.1 Feulgen Squash Technique 

Roots from in vitro grown A. praecox ssp. minimus with standard length of 

12.12 ± 1.07 mm from previous experiments (Chapters 7.2.1 and 7.2.2) were used in 

this experiment. The roots were squashed and stained with Feulgen (Schiff’s) reagent as 

described in Chapter 6 (section 2.3.1). 

 

7.2.3.2 Preparation of Permanent Slides 

In order to prepare permanent slides, the methods described by Conger and 

Fairchild (1953) were followed. The slides were made permanent as described in 

Chapter 6 (section 2.3.2). The permanent slides were then viewed using Axioskop Zeiss 
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(Germany) microscope attached to AxioCam MRc video camera and were then 

analyzed using AxioVision 4.7 software to measure the mitotic index (MI), 

chromosome counts, cell and nuclear areas as well as DNA content for ploidy analysis 

of Agapanthus praecox ssp. minimus plants. 

 

7.2.3.3 Measurement of Mitotic Index (MI) 

The mitotic index of in vitro grown Agapanthus praecox ssp. minimus was 

measured by scoring these cells from at least 600 cells in a series of random transect 

across the permanent slides, as described in Chapter 6 (section 2.3.3). 

 

7.2.3.4 Chromosome Count 

The number of chromosomes of in vitro grown A. praecox ssp. minimus was 

counted from 15 metaphase plates with suitable chromosome spreads, as described in 

section 6.2.3.4. 

 

7.2.3.5 Mean Cell and Nuclear Areas 

For measurement of mean cell and nuclear areas, non-squash slides preparations 

of in vitro grown A. praecox ssp. minimus roots and embryogenic callus were made 

using protocols as described in Chapter 6 (section 2.3.1), without being squashed. The 

root cells were counterstained in 0.2% (w/v) light green in absolute ethanol and 

mounted using DPX, as described in Chapter 6 (section 2.3.5). The mean nuclear and 

cell areas were calculated from 150 prophase cells from 3 slides. The ratio of nuclear to 

cell area was also determined from each sample, as described in Chapter 6 (section 

2.3.5). 
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7.2.3.6 Nuclear DNA Content and Ploidy Analysis 

The nuclear DNA content and ploidy level of in vitro grown A. praecox ssp. 

minimus were measured as described in Chapter 6 (section 2.3.6). Histograms obtained 

were constructed and compared for each weekly sample. 

  

7.2.4 Statistical Data Analysis 

Experimental data was assessed using complete block design (RCBD) and 

analyzed using the IBM SPSS Statistics 19 software (International Bussiness Machines 

Corp., Armonk, NY). Statistical variance analysis was conducted using ANOVA 

(Duncan’s Multiple Range Test or DMRT) and compared with least significant 

differences at 5% level, where mean values with different letters in the same column 

differ significantly at P < 0.05. 
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7.3 RESULTS 

 

7.3.1 Mitosis Stages 

All four stages of mitosis (prophase, metaphase, anaphase and telophase) were 

observed from all samples in this chapter and the images of the mitotic phases were 

successfully captured using AxioCam MRc video camera attached to Axioskop Zeiss 

(Germany) microscope. The mitotic phases of the in vitro grown Agapanthus praecox 

ssp. minimus root tip meristem cells are shown in Figures 7.1 to 7.6. 

 

 
Figure 7.1 : Prophase observed from squashed preparation of in  

vitro Agapanthus praecox ssp. minimus root tip meristem cell. 
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Figure 7.2 : Another cell undergoing prophase, as observed from squashed  

preparation of in vitro Agapanthus praecox ssp. minimus root tip meristem cell. 

 

 

 
Figure 7.3 : Metaphase observed from squashed preparation of  

in vitro Agapanthus praecox ssp. minimus root tip meristem cell. 
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Figure 7.4 : Another cell undergoing metaphase, as observed from  

squashed preparation of in vitro Agapanthus praecox ssp. minimus  

root tip meristem cell. 

 

 

 
Figure 7.5 : Anaphase observed from squashed preparation of in vitro  

Agapanthus praecox ssp. minimus root tip meristem cell. 
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Figure 7.6 : Telophase observed from squashed preparation of in  

vitro Agapanthus praecox ssp. minimus root tip meristem cell. 

 

 

 
Figure 7.7 : Cytokinesis observed from squashed preparation of in  

vitro Agapanthus praecox ssp. minimus root tip meristem cell. 
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7.3.2 Mitotic Index 

At least 600 cells were observed in a series of random transect across the 

permanent slides in order to calculate the mitotic index (MI). The percentage of cells 

undergoing mitosis among all observed cells including interphase cells was calculated. 

Based on the observations conducted, the mitotic index of roots from Agapanthus 

praecox ssp. minimus grown in vitro as compared to in vivo are summarized in Table 

7.1  

 

Table 7.1 : Comparison between Mitotic index of in vitro and in vivo grown A. praecox 

ssp. minimus root meristems. 

Growth media Week 
Mitotic Index, MI 

(Percentage, %) 

2 16.23 ± 0.66a 

3 13.00 ± 1.46a 

4 15.71 ± 4.53a 

MS + 1 mg/L IBA + 1 mg/L Kinetin 

5 15.69 ± 3.35a 

MS basal 5 11.81 ± 1.84a 

In Vivo - 10.84 ± 1.84a 

Mean values with different letters within a column are significantly different at p < 0.05. 

 

 

As observed from Table 7.1, the mitotic index (MI) of in vitro grown A. praecox 

ssp. minimus was not significantly different than that of in vivo grown A. praecox ssp. 

minimus. In vivo grown A. praecox ssp. minimus yielded the lowest MI value (10.84 ± 

1.84%), followed by in vitro A. praecox ssp. minimus grown on MS basal media (11.81 

± 1.84%) and in vitro A. praecox ssp. minimus grown on MS media supplemented with 

hormones (with MI values ranging from 13.00 ± 1.46% to 16.23 ± 0.66%). Therefore, it 

can be said that additions of plant growth regulators or plant hormones may influent the 

mitotic index of A. praecox ssp. minimus, although the increase is not significant. 
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7.3.3 Chromosome Count 

The mean number of chromosomes was also calculated from three slides of 15 

metaphase plates with suitable chromosome spreads. An Agapanthus praecox ssp. 

minimus cell (in vitro) with a good chromosome spread is shown in Figure 6.10, while 

the mean number of chromosomes of in vitro grown Agapanthus praecox ssp. minimus 

as compared to the in vivo grown plant are summarized in Table 7.2.  

 

 
Figure 7.8 : 30 chromosomes in a cell, as observed from squashed  

preparation of in vitro Agapanthus praecox ssp. minimus root tip  

meristem cell. 

 

 

Table 7.2 : Comparison between number of chromosomes of in vitro and in vivo grown 

A. praecox ssp. minimus. 

Growth media Week Number of Chromosomes 

2 32.07 ± 2.33a 

3 29.93 ± 1.38a 

4 29.50 ± 2.37a 

MS + 1 mg/L IBA + 1 mg/L Kinetin 

5 30.53 ± 0.97a 

MS basal 5 30.00 ± 1.32a 

In Vivo - 30.20 ± 0.66a 

Mean values with different letters within a column are significantly different at p < 0.05. 
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As observed from Table 7.2, the mean chromosome number of A. praecox ssp. 

minimus remained similar (30.20 ± 0.66 for in vivo and ranging from 29.50 ± 2.37 to 

32.07 ± 2.33 for in vitro A. praecox ssp. minimus grown on MS media supplemented 

with or without hormones) and the slight differences between the observed data were 

not significant as determined by statistical analysis that had been conducted. Therefore, 

it can be deduced that the number of chromosomes of A. praecox ssp. minimus 

remained constant despite the transfer from in vivo to in vitro conditions. Besides, it can 

also be said that the duration of tissue culture had no influence on chromosomal number 

of A. praecox ssp. minimus in the present investigation. 

 

7.3.4 Mean Cell and Nuclear Areas 

Mean nuclear areas, cell areas and ratio of nuclear areas to cell areas were also 

calculated from three replicates consisting of 150 prophase cells. The mean nuclear 

area, cell area and the ratio of nuclear to cell area of in vitro and in vivo grown 

Agapanthus praecox ssp. minimus are presented in Table 7.3. 

 

Table 7.3 : The mean nuclear and cell areas and their ratios in root meristem cells and 

embryogenic callus of in vitro and in vivo grown Agapanthus praecox ssp. minimus 

plants. 

In vitro Agapanthus praecox ssp. 

minimus 
Mean Area (µm

2)
 

Sample Growth media 

Week 

Nucleus (N) Cell (C) Ratio (N/C) 

2 248.04 ± 24.79ab 813.51 ± 85.12ab 0.31 ± 0.03ab 

3 382.55 ± 31.13b 981.05 ± 99.89ab 0.40 ± 0.02c 

4 265.97 ± 32.98ab 847.15 ± 174.09ab 0.35 ± 0.03bc 

MS + 1 mg/L 

IBA + 1 mg/L 

Kinetin 

5 205.64 ± 11.75a 586.54 ± 48.18a 0.36 ± 0.02bc 

MS basal 5 153.28 ± 4.62a 604.42 ± 33.87a 0.26 ± 0.01a 

Root 

In Vivo - 742.20 ± 68.27c 2738.96 ± 220.54c 0.28 ± 0.02a 

Embryogenic 

callus 
2 mg/L 2, 4-D - 798.90 ± 114.47c 1167.58 ± 124.20b 0.67 ± 0.04d 

Mean values with different letters within a column are significantly different at p < 0.05. 
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As observed from Table 7.3, the ratio of nuclear area to cellular area for A. 

praecox ssp. minimus grown in vivo and on MS basal media were quite low, indicating 

that the size of the nucleus was quite small as compared to the cellular area. This was 

also observed when the growth of A. praecox ssp. minimus plant was supplemented with 

hormones (1 mg/L IBA and 1 mg/L Kinetin), but after the third week, the ratio of 

nuclear area to cellular area had significantly increased. 

 

7.3.5 Nuclear DNA Content and Ploidy Analysis 

The mean nuclear DNA content of in vivo grown Agapanthus praecox ssp. 

minimus cells was also measured from 150 interphase cells and the DNA C values were 

used to estimate the G1, S and G2 phases of the cell cycle. DNA C values of 0.0 – 2.2 C 

are considered as G1, while 2.2 – 3.6 C as S, 3.6 - 4.8 C as G2 and > 4.8 C as polyploid 

cells (Evans and Van’t Hof, 1974). The percentage of nuclei in various phases of cell 

cycle and polyploid cells from in vitro grown Agapanthus praecox ssp. minimus are 

shown in Table 7.4. 

 

Table 7.4 : Comparison of percentage of nuclei in root tip meristem of in vitro and in 

vivo grown Agapanthus praecox ssp. minimus in various cell cycle phases. 

Cell Cycle Phase (%) 

Growth media Week 

G1 S G2 

Polyploidy 

(%) 

2 52.67d 34.67c 8.67c 4.00b 

3 49.33c 46.00e 3.33a 1.33a 

4 20.00b 40.67d 19.33e 20.00d 

MS + 1 mg/L IBA + 1 mg/L 

Kinetin 

5 7.33a 20.00a 10.67d 62.00e 

MS basal 5 59.33e 26.67b 6.67b 7.33c 

In Vivo - 100.00f - - - 

Mean values with different letters within a column are significantly different at p < 0.05. 
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These observations were also imported into spreadsheet by using Microsoft 

Excel to be analyzed. Histograms describing the relationship between percentage of 

cells and DNA C values were generated for all samples. The polyploid histograms for in 

vitro A. praecox ssp. minimus grown on MS media supplemented with combinations of 

1 mg/L IBA and 1 mg/L Kinetin as well as on MS basal media are depicted in Figures 

7.9 to 7.13. 

 

Based on the histograms that had been generated (Figures 7.9 and 7.10), it can 

be deduced that the cells of 2-week-old and 3-week-old in vitro A. praecox ssp. minimus 

grown on MS media supplemented with 1 mg/L IBA and 1 mg/L Kinetin are diploid. 

This is because the histogram exhibits modal G0/G1 peak as normal reference is at 2C. 

However, very low percentages of polyploid cells (4.00 % and 1.33 %) were detected in 

the 2-week-old and 3-week-old samples, as shown in Table 7.4. It was also observed 

that 52.67 % of the meristematic cells of 2-week-old in vitro grown A. praecox ssp. 

minimus (supplemented with 1 mg/L IBA and 1 mg/L Kinetin) were in G1 phase, 34.67 

% were in S phase and 8.67 % were in G2 phase (Table 7.4). In comparison, 49.33 % of 

the meristematic cells of 3-week-old in vitro grown A. praecox ssp. minimus 

(supplemented with 1 mg/L IBA and 1 mg/L Kinetin) were in G1 phase, 46.00 % were 

in S phase and 3.33 % were in G2 phase (Table 7.4). 

 

The percentage of cells in G1 and S phases were observed to increase slightly on 

week 3 as compared to week 2, while as slight decrease was observed for the percentage 

of cells in G2 phase on week 3 as compared to week 2. However, the slight increment 

and decrement of percentages of cells in the various cell cycle phases were not 

significant. 
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Figure 7.9 : Histogram of DNA C values of cells from root tip meristem of 2-week-old roots  

of in vitro A. praecox ssp. minimus grown on MS media supplemented with 1 mg/L IBA and  

1 mg/L Kinetin. 

 

 

 
Figure 7.10 : Histogram of DNA C values of cells from root tip meristem of 3-week-old  

roots of in vitro A. praecox ssp. minimus grown on MS media supplemented with 1 mg/L  

IBA and 1 mg/L Kinetin. 

 

As for the 4-week-old and 5-week-old in vitro grown A. praecox ssp. minimus, 

based on the histograms that had been generated (Figures 7.11 and 7.12), it was 

observed that the cell lines were having different ploidy. As shown in Table 7.4, the 

percentage of polyploid cells on week 4 and week 5 was shown to increase 

significantly, with 20.00 % and 62.00 % of polyploid cells, respectively, as compared to 

week 2 and week 3. Besides that, as shown in Table 7.4, the percentage of cells in G1 
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phase on week 4 and week 5 was also found to be significantly reduced to 7.33 % and 

20.00 %, respectively (compared to 49.33 % on week 3). Similarly, the percentage of 

cells in S phase on week 4 and week 5 was also decreasing to 40.67 % and 20.00 %, 

respectively (as compared to 46.00 % on week 3). However, the percentage of 

meristematic cells of in vitro grown A. praecox ssp. minimus (supplemented with 1 

mg/L IBA and 1 mg/L Kinetin) in G2 phase was observed to vary throughout the 

experiment. 

 

 
Figure 7.11 : Histogram of DNA C values of cells from root tip meristem of 4-week-old  

roots of in vitro A. praecox ssp. minimus grown on MS media supplemented with 1 mg/L  

IBA and 1 mg/L Kinetin. 

 

 

 
Figure 7.12 : Histogram of DNA C values of cells from root tip meristem of 5-week-old  

roots of in vitro A. praecox ssp. minimus grown on MS media supplemented with 1 mg/L  

IBA and 1 mg/L Kinetin. 
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As for in vitro A. praecox ssp. minimus grown on MS basal media, based on the 

histogram that had been generated (Figure 7.13), it was observed that the histogram also 

exhibited cell lines that are having different ploidy. However, as shown in Table 7.4, 5-

week-old in vitro A. praecox ssp. minimus grown on MS basal media showed higher 

percentage of polyploid cells (7.33 %) compared to 2-week-old (4.00 %) and 3-week-

old (1.33 %) in vitro plants grown on MS media supplemented with 1 mg/L IBA and 1 

mg/L Kinetin, although significantly lower than that of 5-week-old in vitro plants grown 

with hormone supplements (62.00%). These results suggested that in vitro conditions 

contributed to the occurrence of polyploid cells, which would be further encouraged by 

additions of growth hormones.  

 

 
Figure 7.13 : Histogram of DNA C values of cells from root tip meristem of 5-week-old  

roots of in vitro A. praecox ssp. minimus grown on MS basal media. 

 

Based on the cytological observations made in this study, it was shown that upon 

being transferred into in vitro conditions, the cells of A. praecox ssp. minimus root tip 

meristem remained diploid. This was evident on week 2 and week 3 (Figures 7.9 and 

7.10), where only a small percentage of polyploid cells had been observed, similar to 

cells grown in vivo (Chapter 6, section 3.3.4). However, as the plantlets continue to 
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grow in vitro (Figures 7.11 to 7.13), the stress of tissue culture system had somehow 

forced the meristem cells to become polyploid to adapt to the new growth 

environments, as depicted by the significant increase in percentage of polyploid cells 

after 4 and 5 weeks of culture.  

 

However, supplementing the growth media with plant growth regulators or plant 

hormones did cause polyploidy, as cytological observations conducted on in vitro A. 

praecox ssp. minimus grown on MS basal media also revealed similar findings, whereby 

the percentage of polyploid cells also increased after 5 weeks in tissue culture system. 

However, the additions of hormones were found to further promote or encourage the 

degree of polyploidy of in vitro grown meristematic cells. 

 

!

!
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7.4 SUMMARY OF RESULTS 

 

1. In vivo grown A. praecox ssp. minimus yielded the lowest MI value (10.84 ± 

1.84%), followed by in vitro A. praecox ssp. minimus grown on MS basal media 

(11.81 ± 1.84%) and in vitro A. praecox ssp. minimus grown on MS media 

supplemented with hormones (with MI values ranging from 13.00 ± 1.46% to 

16.23 ± 0.66%). However, those differences were not significant. 

2. The number of chromosomes of A. praecox ssp. minimus remained stable (30.20 

± 0.66 for in vivo and ranging from 29.50 ± 2.37 to 32.07 ± 2.33 for in vitro A. 

praecox ssp. minimus grown on MS media supplemented with or without 

hormones). 

3. The ratio of nuclear area to cellular area for A. praecox ssp. minimus grown in 

vivo and on MS basal media were quite low, indicating that the size of the 

nucleus was quite small as compared to the cytoplasm. 

4. Initially, similar observations were also obtained when A. praecox ssp. minimus 

plant was grown on MS media supplemented with hormones (1 mg/L IBA and 1 

mg/L Kinetin), but after the third week, the ratio of nuclear area to cellular area 

had increased significantly. 

5. The cells of A. praecox ssp. minimus root tip meristem remained diploid (with 

very low percentage of polyploid cells) after being transferred into in vitro 

conditions, but the occurrence of polyploid cells were significantly augmented 

the after the fourth week to adapt to the new growth environments (20.00 % on 

week 4 compared to only 4 % on week 2). 

6. Additions of growth hormones did not cause the occurrences of polyploid cells, 

although it did greatly encourage or promote the degree of polyploidy (depicted 
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in terms of the increase in percentage of polyploid cells, with respect to 

prolonged culture time, as compared to cells grown without growth hormones). 
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CHAPTER 8 

PIGMENT EXTRACTION OF Agapanthus praecox ssp. minimus IN 

VIVO 

 

8.1 EXPERIMENTAL AIMS 

 

The attractive feature of Agapanthus praecox ssp. minimus i.e its eye-catching 

violet blue colour (from the petals) was exploited in this study, whereby pigments 

extraction was done and subjected to various studies to observe its potential as a natural 

colourant. The blue coloured petals were believed to contain covalently linked 

anthocyanin-flavonol pigments (Bloor and Falshaw, 2000). Coloured anthocyanin 

pigments have always been an interesting candidate to be used as organic colouring. To 

date, various investigations to improve stability and colour properties have been carried 

out on species such as radishes (Giusti and Wrolstad, 1996), black carrots
 
(Stintzing et 

al., 2002) and strawberries (Abers and Wrolstad, 1979). 

 

In this chapter, the aim of the experiment was to study pH-varied anthocyanin 

pigment profiles of Agapanthus praecox and its potential use as a natural colourant. The 

coloured pigment was solvent-extracted using acetone and subjected to UV/Visible 

spectrophotometric analysis between the wavelengths of 400 nm to 700 nm. This was 

done to determine the identity of the coloured pigment and also to observe any 

differences between the absorbance spectra of the extracts subject to the change in pH. 

The usage of plant and other biological materials to produce organic coating are 

becoming increasingly popular, as it is more environmentally friendly. In this chapter, 

natural coating materials were prepared out of the flower petals of A. praecox and its 

durability is tested by means of weathering tests. 
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8.2 MATERIALS AND METHODS 

 

8.2.1  Source of Samples 

Agapanthus praecox plants with violet/blue flowers were used in this 

experiment. The flower petals were excised from the stem and were dried under natural 

conditions at room temperature for 3 days. The extraction solution used in this 

experiment was 70% acetone, which was pre-prepared by adding distilled water into 

acetone. 

 

8.2.2 Extraction of Anthocyanin Compound from Agapanthus praecox 

The coloured pigments from the flower petals were solvent-extracted using 70% 

acetone, with dry weight to volume of acetone ratio of 1:5. The flower petals were 

ground with 70% acetone by using mortar and pestle and the resulting coloured liquid 

was centrifuged at 5000 rpm for 10 minutes to separate the supernatant from the pellet. 

The pellet was discarded, while the supernatant containing the compound of interest was 

collected. The extract (supernatant) was then used for subsequent experiments (pH 

variation tests). 

 

8.2.3 Effects of pH and Identification of Coloured Pigment 

The pH of the extracts was set to pH 1, 2.5, 4.5, 7, 9.5, 11.5 and 14. The aim of 

this pH variance test was to see if the colour of the extracts would change according to 

pH. This is because different pigment will undergo a colour change differently 

depending on the pigment identity; therefore this can serve as a preliminary method in 

determining the identity of the pigment of interest. Three replicates were made for each 

pH and the colour of each extract at its respective pH was noted. After that, the extracts 

were stored under dark condition at 4°C and their colour degradation rate was observed. 
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The aim of this experiment was to determine at which pH was the extract most stable, to 

be used in coating production experiments. 

 

8.2.4 UV Spectrophotometric Analysis on Acidic Extracts 

The acidic extracts (pH 1, 2.5, 4.5 and 7) were subjected to UV 

spectrophotometric analysis in the visible region (between the wavelength of 400 nm to 

700 nm) and the spectrum profiles were compared. Three sample replicates were made 

for each pH and for each replicate, the absorbance readings were measured three times. 

The mean values of the retrieved data were used to construct the spectrum profiles of 

each pH. 

 

From the absorbance spectra of the acidic anthocyanin extracts, the differences in 

the number of peaks and the maximum absorbance values were compared and recorded. 

In addition, the absorbance spectra was also used to determine the identity of the 

coloured pigment, as different compound absorbs and emits light at different 

wavelengths. Therefore, the identity of the compound can be known by observing the 

graph pattern and the maximum absorbance values. In this case, the identity of the 

coloured pigment was found to be a flavonoid compound called anthocyanin.   

 

8.2.5 Calculation of Total Anthocyanin  

Total anthocyanins of A. praecox extracts (in mg/L) were also measured via pH 

differential method (Giusti and Wrolstad, 2001; Fuleki and Francis, 1968a; Fuleki and 

Francis, 1968b), as described in the equation below: 
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The extracts were stored under dark condition at 4°C and the colours of the 

extracts were observed everyday. Amongst all samples, the anthocyanin extracts at pH 1 

was found to be the most stable and the last to fade, hence it was used in the production 

of natural colourant and in coating application test in subsequent experiments.  

 

8.2.6 Production of Natural Coating Material 

The potential of A. praecox anthocyanin to be used as a natural colourant was 

also investigated. In this part of the study, A. praecox anthocyanin extracts at pH 1 was 

used, as it was the last one to fade in the pH variation test, therefore indicating that the 

pH 1 extract was most stable. The pH 1 anthocyanin extract was mixed with Poly 

(methyl methacrylate), PMMA resin in a glass beaker and was slowly stirred until an 

evenly coloured and thick solution was obtained. The mixing ratio of PMMA to the 

anthocyanin extracts was 1:5. 

 

The resultant coating material was then coated onto several glass slides and air-

dried for 1 hour. The surface of the coated glass slides was observed under a 

microscope and the observations made were then recorded (observation at t = 0). The 

coated slides were then subjected to several weathering tests such as in various 

percentages of sodium chloride (NaCl) solutions and under heated conditions, to test the 

durability of the produced coating material.  
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8.2.7 Sodium Chloride (NaCl) Test 

Sodium chloride (NaCl) was used to mimic the content of seawater, where the 

glass slides were dipped in 1%, 5% and 10% NaCl solutions for 3 hours, prior to 

microscopic observations and absorbance measurements at 544 nm at 15 minutes 

interval. The coated glass slides were examined using an optical microscope to observe 

any occurrence of surface cracks and discoloration and every observation made were 

recorded (observations at t= 15 minutes until t= 3 hours).  

 

The absorbance measurements were plotted onto a graph and the graph trends 

were analyzed and compared between each treatment (NaCl concentrations). 

 

8.2.8 Heating Test 

The heating tests were done to mimic the variable hot weather, which often 

occur in nature. Similar to the NaCl tests, the outcomes of these heating tests were 

examined using an optical microscope, for any occurrence of surface cracks and 

discoloration.  

 

In the heating test, the glass slides were heated to 60 °C, 80 °C and 100 °C for 3 

hours and microscopic observations and absorbance measurements at 544 nm (!max for 

pH 1) were carried out at 15 minutes interval. Similar to the NaCl tests, every 

observation made was recorded (observations from t=15 minutes until t = 3 hours) and 

the absorbance measurements were plotted onto a graph and the graph trends were 

analyzed and compared between each treatment (temperature variance). 
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8.3 RESULTS 

 

8.3.1 Preliminary Identification of Coloured Pigment of Agapanthus praecox via 

pH-Variation Test 

The identity of the coloured pigment was found to be from the flavonoid family, 

called as anthocyanins. A strong indicator that the extracts contain anthocyanin 

pigments is the fact that they changed colour with pH (Giusti and Wrolstad, 2001; 

Wrolstad et al., 2005). The colour of the extract was affected by pH, where it became 

pink-purplish at pH 1, dark red at pH 2.5, light purple at pH 4.5, dark turquoise at pH 7, 

dark green at pH 9.5, light green at pH 11.5 and yellow at pH 14. This is clearly 

depicted in Figure 8.1. 

 

 
Figure 8.1 : The colour changes of anthocyanin extracts at varying pH: A pH 1,  

B pH 2.5, C pH 4.5, D pH 7, E pH 9.5, F pH 11.5 and G pH 14. 

 

The change in spectrum profiles and extract colours with pH were due to the 

change in the pigment’s structure, as summarized in Figure 8.2. As the pH gets more 

acidic, with addition of cations (H
+ 

ions), the structure changed to be predominantly in 

oxonium forms, while addition of anions (OH
-
 ions) or loss of H

+
 cations rendered the 
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pigments to be predominantly in quinonoidal base forms (Giusti and Wrolstad, 2001; 

Stintzing and Carle, 2004). 

 

 
Figure 8.2 : Structural transformations and predominant forms of anthocyanins  

according to pH (Giusti and Wrolstad, 2001). 

 

These therefore changed the colour of the extract according to the colour 

spectrum, where it became red as it acquires flavylium cation at acidic pH (example: at 

pH 1), colourless or lightly coloured when in hemiketal forms at pH 4.5, bluish when 

they are in quinonoidal base forms at pH 7 and became more bluish (or sometimes 

greenish) when in alkaline forms, as they became predominantly in anionic quinonoidal 

base (Stintzing and Carle, 2004; Dangles et al., 1992). 

 

Differences in pH had caused the structure of anthocyanin molecules to change, 

which in turn caused the spectrum profiles to differ from one another depending on pH 

(Giusti and Wrolstad, 2001). Anthocyanin colours also changed with pH, where it 

became reddish with the addition of cations (H
+
 ions) or bluish with the addition of 

anions (OH
-
 ions). This therefore made anthocyanin a very interesting molecule as it 
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allows flowers and other natural sources to have different attractive colours and 

sometimes in combination of colours, a result of the anthocyanin molecules existing at 

different pH. 

 

8.3.2 Identification of Coloured Pigment of Agapanthus praecox via UV-Visible 

Spectrophotometric Analysis 

Based on the spectrum profiles obtained via UV-visible spectrophotometric 

analysis on the acidic coloured extracts, a distinct peak at 544 nm was observed for both 

pH 1 and pH 2.5, while multiple peaks at 535 nm, 571.5 nm and 627 nm were observed 

for pH 4.5 and at 535 nm, 574 nm and 620 nm for pH 7. This is clearly depicted in 

Figure 8.3. 

 
Figure 8.3 : UV-visible spectrum profiles of Agapanthus praecox  

anthocyanin extracts. 
 

 

As seen in Figure 8.3, the graphs showed maximum absorbance readings at a 

wavelength between 490 nm to 550 nm, which is apparent for anthocyanins (Pauling, 

1939). These results are depicted in Table 8.1: 
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Table 8.1 : Peaks, Amax for each acidic extract. 

pH of extract Peaks Amax 

1.0 544 nm 2.24489 

2.5 544 nm 0.47957 

4.5 535 nm, 571.5 nm, 627 nm 0.22700 

7.0 535 nm, 574 nm, 620 nm 0.42717 

 

8.3.3 Total Anthocyanin Content in Agapanthus praecox 

The total anthocyanin content in A. praecox was calculated using the pH 

differential method (Chapter 8.2.5), with reference to the different structure and m/z 

values of A. praecox anthocyanin as compared to the general anthocyanin structure.  

 

The molecular weight to be used in the equation was estimated to be 3225 

(Bloor and Falshaw, 2000), based on the m/z values of the two major covalently-linked 

anthocyanin pigments of Agapanthus sp. The structure of Agapanthus praecox 

anthocyanin is slightly different from the generalized anthocyanin structure, as shown in 

Figure 8.4.  

 
Figure 8.4 : Generalized anthocyanin structure 

 

The structure of A. praecox anthocyanin is quite different from the generalized 

structure, whereby two delphinidin 3-O-(6-O-p-coumaroyl glucoside) 7-O-(6-succinyl 

glucoside) are linked to kaempferol-3,4’-diglucoside 7-xyloside and kaempferol-3,7,4’-

triglucoside (Bloor and Falshaw, 2000). This is shown in Figure 8.5. 
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Figure 8.5 : Structure of A. praecox anthocyanin pigment; (6”’-O-(Delphinidin  

3-O-(6”-O-p-coumaroyl-glucoside) 7-O-glucosyl)) (6””-O-(kaempferol 3-O- 

glucoside, 7-O-xyloside, 4’-O-glucosyl))succinate ((6”’-O-(Delphinidin 3-O- 

(6”-O-p-coumaroyl-glucoside) 7-O-glucosyl)) (6””-O-(kaempferol 3,7-di-O- 

glucoside, 4’-O-glucosyl)) succinate, xyl = glc) (Bloor and Falshaw, 2000). 

 

 

On the other hand, the molar extinction coefficient was estimated to be 26900 

(Wrolstad et al., 2005), which is the molar extinction coefficient of cyanidin-3-

glucoside, a general anthocyanin compound (Giusti and Wrolstad, 2001).
 
As shown in 

Figure 8.4, the generalized anthocyanin structure constitutes of an anthocyanin pigment 

with a carbohydrate  (sugar groups, usually glucose) usually esterified at the 3’ or 5’ 

positions (Giusti and Wrolstad, 1996; Wrolstad et al., 2005; Pauling, 1939).
 
Therefore, 

after taking all these factors into account, the total anthocyanin content in A. praecox 

was found to be roughly about 1227.578 mg/L. 
 

 

8.3.4 Production of Natural Colourant as Coating Material 

In order to use Agapanthus praecox anthocyanins as a natural colourant, a 

mixture of resin Poly (methyl methacrylate), PMMA with the anthocyanin extracts at 

pH 1 (with ratio of resin to extract of 1:5) was made. This colourant mixture was then 

coated onto several glass slides and air-dried for 1 hour.  
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The resin-anthocyanin mixture was uniformly mixed and the surface of the 

coated glass slides looked shiny and even, with no cracks observed. This is shown in 

Figure 8.6. 

 

 
Figure 8.6 : Natural Colourant Produced from pH1 Anthocyanin Extracts of A. praecox. 

 

 

8.3.5 Weathering Tests to Determine the Durability of Coating Material 

The potential of A. praecox anthocyanin to be used as a natural colourant was 

investigated. The coated slides were subjected to several weathering tests such as 

treatment with various concentrations of sodium chloride (NaCl) solutions and under 

heated conditions. 

 

In the heating tests, the glass slides were heated to several temperatures (60°C, 

80°C and 100°C) in an oven for 3 hours. Microscopic observations conducted on the 

glass slides showed more formation of air bubbles and occurrences of surface cracks as 

the temperature increased. The colour of the coatings also changed with temperature, 

where it became pink/orange at 60°C, creamy orange at 80°C and dark orange/brown at 

100°C, as shown in Figure 8.7. 

 

Prior to the heating tests, the coated surfaces showed an even and shiny 

appearance. However, as depicted in Figure 8.7, it was found that bubbles had formed at 
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the edges of the glass slides after 3 hours of heating at 60°C, but no cracks had 

occurred. At 80°C, small air bubbles accumulated on the entire surface of the coated 

slides after 3 hours of heat, but only a small crack was observed. At 100°C, the entire 

coated surface was full with big air bubbles and the surface was hardened, hence a lot of 

surface cracks occurred after 3 hours of heating. 

 

 
Figure 8.7 : Effects of salt (NaCl) and heat treatments on anthocyanin-coated glass slides,  

A before heat or NaCl treatment, B after 3 hours of heat at 60 °C, C after 3 hours of heat  

at 80 °C, D after 3 hours of heat at 100 °C, E after 3 hours of treatment with 1% NaCl  

and F after 3 hours of treatment with 10% NaCl. 

 

 

In addition, the UV-visible spectrophotometric measurement showed a decrease 

in absorbance values with time. This was true to all samples, but different incubation 

temperatures yielded different rates, where coated slides incubated at 100°C showed 

faster absorbance decrease than slides incubated at 80°C and 60°C and 80°C faster than 

60°C, respectively. This is summarized in Figure 8.8. 
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Figure 8.8 : Effects of different heating temperatures on absorbance values (irradiated at 544 nm, !max) 

on anthocyanin-coated slides. 

 

 

Similar observations were also obtained in the salt tests, where more formation 

of air bubbles occurred on the coated slides dipped in 10% NaCl than in 5% and 1% 

NaCl. As observed in Figure 8.7, for 1% NaCl, only three very tiny air bubbles was 

observed and the coated surface was still smooth and did not change in colour after 3 

hours of treatment, while in 10% NaCl, a few large air bubbles had formed, but the 

coated surface remained smooth and the colour remained intact after 3 hours of 

treatment. The decrease in absorbance values also occurred at a faster rate for coated 

slides dipped in higher NaCl concentrations, as shown in Figure 8.9.  
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Figure 8.9 : Effects of different NaCl concentrations on absorbance values (irradiated at 544 nm, !max) on 

anthocyanin-coated slides. 

 

 

It was found that A. praecox anthocyanins were also able to mix well with 

PMMA to produce a smooth and shiny texture when applied onto slick surfaces such as 

on glass slides. The heating tests showed that the colour did not fade with increasing 

temperatures, although it became darker as the temperature increased. However, there 

were occurrences of surface cracks, but only at extreme temperatures (100°C), which 

rarely occurred in nature. The salt tests also showed similar results, therefore proving 

that A. praecox anthocyanin is indeed a valuable source for a natural colourant, which 

can be used as environmental friendly decorative coatings. 
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8.4 SUMMARY OF RESULTS 

 

1. The identity of the coloured pigment from Agapanthus praecox ssp. minimus 

flower petals was found to be from the flavonoid family, known as 

anthocyanins. 

2. The colour of the extract depends on its pH, where it became pink-purplish at 

pH 1, dark red at pH 2.5, light purple at pH 4.5, dark turquoise at pH 7, dark 

green at pH 9.5, light green at pH 11.5 and yellow at pH 14. 

3. The total anthocyanin content in A. praecox ssp. minimus flower petals was 

found to be roughly about 1227.578 mg/L.  

4. In both heating and salt tests, the UV-visible spectrophotometric analysis 

measurements showed a decrease in absorbance values with time. 

5. The decrease in absorbance values occurred at a faster rate for coated slides 

dipped in higher NaCl concentrations and when heated at higher temperatures.  

6. The heating tests showed that the colour did not fade with increasing 

temperatures, but it became darker as the temperature increased.  

7. In the heating tests, there were occurrences of surface cracks of the coated slides, 

but only at extreme temperatures (100°C), which rarely occurred in nature.  

8. The salt tests showed that the colour did not fade with increasing salt 

concentrations. 
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CHAPTER 9 

DISCUSSION 

 

 The present work deals with in vitro propagation and cellular behaviour of 

Agapanthus praecox ssp. minimus, as well as pigment analysis from flowers of this 

species. This plant species originated from South Africa and is widely known as ‘Lily of 

the Nile’. It is a very beautiful plant with large funnel-shaped flowers that bloomed on a 

single stem. The flowers of Agapanthus praecox ssp. minimus are violet/blue in colour 

and are very attractive, hence making them very popular in landscaping and as 

ornamental plants. In Malaysia, it is difficult to find this particular plant in various parts 

of the country, except in Cameron Highlands, where they were grown in bushes and at 

the edges of alleys at gardens and hotel compounds. This is due to the fact that this 

flowering plant is more expensive than the other widely planted liliaceous species such 

as the Hymenocallis occidentalis or more commonly known as ‘spider lily’. 

 

 Based on the research done in this thesis, it is proven that this plant can be 

planted in the lower grounds of Malaysia. The tissue culture techniques established in 

this study can be utilized to achieve mass propagation of this plant species, other than to 

solely rely on the conventional breeding method via the use of bulbs. The present study 

is divided into several parts or chapters that are comprised of in vitro micropopagation, 

induction of callus, somatic embryogenesis, acclimatization of A. praecox ssp. minimus 

plants, cellular behaviour of A. praecox ssp. minimus in vivo and in vitro and also 

pigment analysis of A. praecox ssp. minimus flowers. 

 

Chapter two of this thesis described the studies of in vitro micropopagation of 

Agapanthus praecox ssp. minimus, where various hormones of different concentrations 
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and combinations were tested to find the best hormone to achieve optimum regeneration 

of A. praecox ssp. minimus in vitro. All experiments conducted in this chapter used MS 

(Murashige and Skoog, 1962) media, prepared at pH 5.6 (which is the best pH for in 

vitro propagation of Agapanthus sp.) as described by Supaibulwatana and Mii (1997) 

and Suzuki et al. (2001). The cultures were maintained in the culture room at 25 ± 1 °C 

with photoperiod of 16 hours light and 8 hours dark. Thirty replicates were prepared for 

all experiments and the cultures were observed every week for 4 weeks.  

 

In all cultures conducted for both leaf and root explants, no direct regeneration 

of microshoots or adventitious roots was observed when the explants were cultured in 

MS medium supplemented with various hormones. This was observed for all 

combinations of hormones used, except when leaf explants were cultured on 1.5 mg/L 

IBA, where production of adventitious roots were observed (Chapter 2, Table 2.1). 

 

However, different results were obtained in tissue culture of bulb explants of this 

species, where direct regeneration and organogenesis was successfully achieved. Bulb 

explants managed to produce shoots after a few days of culture and managed to produce 

a whole plantlet after 4 weeks of culture. All combinations of cytokinins and auxins 

used in this chapter depicted this finding (Chapter 2, Tables 2.1 and 2.2), as production 

of roots and shoots were observed for all hormone combinations (combinations of IBA 

and Kinetin at concentrations ranging from 0.5 mg/L to 2.0 mg/L and cobinations of 

NAA and BAP, NAA and Kinetin, Picloram and BAP, Picloram and Kinetin, 2,4-D and 

BAP, 2,4-D and Kinetin as well as IBA and BAP). Therefore, it can be said that bulb is 

the best and most responsive explant for efficient direct regeneration of Agapanthus 

praecox ssp. minimus.  
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Bulb explants showed optimum shoot production when the explants were 

cultured on MS media supplemented with 2.0 mg/L IBA and 2.0 mg/L Kinetin, with 

4.50 ± 0.38 shoots per explant (Chapter 2, Table 2.1). As for root production, MS media 

supplemented with combinations of 1.0 mg/L IBA and 1.0 mg/L Kinetin had been 

shown to be the best plant hormones to induce rooting, whereby 4.47 ± 0.30 roots per 

explant was obtained (Chapter 2, Table 2.3).  

 

The lowest shoot production was observed when bulb explants were cultured on 

MS media supplemented with combinations of 2.0 mg/L IBA and 2 mg/L BAP, with 

2.17 ± 0.28 shoots per explant (Chapter 2, Table 2.2). Whilst, bulb explants cultured on 

! strength MS media supplemented with combinations of 2.0 mg/L NAA and 2 mg/L 

Kinetin yielded the least root production, with 1.80 ± 0.32 roots per explant (Chapter 2, 

Table 2.3). 

 

The use of other auxins such as NAA, 2,4-D and Picloram, in combination with 

cytokinins were also found to induce shoot production and rooting, but with mediocre 

results (Chapter 2, Table 2.2). These observations indicate that although the use of 2,4-

D, Picloram as well as combinations of NAA and BAP did promote the induction of 

rooting and shoot production, they are not a very efficient hormone in regenerating this 

plant species directly, but is a very good hormone to for callus induction.  

 

This is clearly demonstrated in Chapter 3, where all three explant types showed 

callus growth when cultured in MS media supplemented with 2,4-D. On the other hand, 

the use of Picloram and combinations of NAA and BAP yielded production of callus 

when leaf and root explants of A. praecox ssp. minimus were cultured on MS media 

supplemented with those respective hormones. 
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Bulbous plants or plants with rhizomes are conventionally propagated via bulb 

and rhizome cuttings, therefore it is expected that the use of bulbs or rhizomes as 

explants will give positive results in tissue culture of such species. In vitro regeneration 

from rhizomes had been widely demonstrated for various plants, including turmeric, 

Curcuma domestica Val. and temoe lawak, C. xanthoriza Roxb. (Mukhri and 

Yamaguchi, 1986). Both plants were widely used in Asian countries such as in 

Indonesia as traditional medicines due to their curcumin content which has anti-

inflammatory activity (Srinivasan, 1953; Srimal and Dhawan, 1973).  

 

Mukhri and Yamaguchi (1986) reported that buds grown from Curcuma 

domestica rhizomes showed shoots and roots formation when cultured on Ringe and 

Nitsch (1968) medium supplemented with 1 mg/L BA, while callus was formed when 

the same explants were cultured on media supplemented with 10 mg/L BA and 1 mg/L 

2,4-D or 10 mg/L BA and 15 mg/L NAA. These callus however would form auxiliary 

shoots when transferred onto media supplemented with 1 mg/L BA and 1 mg/L NAA 

(Mukhri and Yamaguchi, 1986). They also reported regeneration of roots and shoots 

formation from Curcuma xanthoriza buds (from rhizomes) grown in medium 

supplemented with 1 mg/L BA and 1 mg/L NAA. Similar to Curcuma domestica, callus 

was induced in Curcuma xanthoriza cultures supplemented with 10 mg/L BA and 15 

mg/L NAA (Mukhri and Yamaguchi, 1986). This showed that rhizomes are competent 

explants, where they are able to produce direct shoot and root formation via 

organogenesis and also produce callus, subject to the different plant growth regulators 

being used. 

 

The efficacy of bulbs or rhizomes as explants had also been reported by Misra 

and Datta (2001) whereby Asiatic hybrid lilies ‘Orange Pixie’ cultured on MS media 
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supplemented with IAA and BA with addition of adenine sulphate showed good shoots 

regeneration after only 3 weeks of culture. Another species of lily, Lilium ledebourii 

(Baker) Boiss had also been propagated in vitro through bulb explants grown on MS 

media supplemented with 0.1 mg/L NAA and 0.1 mg/L BA (Azadi and Khui, 2007). 

Saifullah et al. (2010) also reported similar findings, whereby micropropagation of 

another species of lily, Lilium regale was obtained when bulb explants of the species 

were cultured on BAP and combinations of IBA and IAA. 

 

 Bulbs can also be used to supply other types of explants such as in tissue culture 

of Lilium philippinensis, the bulbs of the L. philippinensis were used to supply explants 

(nodes, internodes and et cetera) for efficient in vitro propagation of that species 

(Zamora and Gruezo, 1999). This shows that bulbs are essential for in vitro propagation 

of liliaceous species where they can be manipulated as explants or being used to supply 

explants (nodes, internodes and et cetera) as reported in the case of in vitro propagation 

Lilium philippinensis. 

 

Comparable results were obtained in this chapter, where young bulbs of A. 

praecox ssp. minimus that were used in this study had been found to be the most 

responsive among all three explant types used. They were able to form shoots and roots 

directly via organogenesis (Chapter 2) and able to form callus when cultured in 2,4-D. 

These findings are clearly depicted in Chapters 3 and 4. 

 

As mentioned previously, both leaf and root explants failed to induce any shoot 

production and rooting, except when leaf explants were cultured in 1.5 mg/L IBA 

(Chapter 2, Table 2.1), where organogenesis was observed. This is largely due to the 

fact that this plant species is very hard to regenerate (directly) in vitro. Very few 
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literatures had been published on successful in vitro culture of Agapanthus sp. and all 

previous findings only reported on successful tissue culture of Agapanthus sp. via 

protoplast culture (Nakano et al., 2003), somatic embryogenesis of young flower buds 

(Supaibulwatana and Mii, 1997) and leaves from intact A. praecox ssp. orientalis plants 

(Suzuki et al., 2002). 

 

Supaibulwatana and Mii (1997) reported that direct organogenesis was readily 

induced from flower buds of Agapanthus africanus Hoffmanns cultured on MS media 

fortified with combinations of hormones at concentrations of 1 mg/L (for each hormone 

combinations, namely BA, Kinetin or TDZ with NAA, 2, 4-D or Picloram). The process 

was initiated by expansion of the explants, followed by direct regeneration of shoot and 

root protruding from the explants. Combinations of TDZ and NAA (both at 1 mg/L) 

were reported to induce the highest percentage of direct shoots induction from A. 

africanus flower buds (62.0 %) (Supaibulwatana and Mii, 1997). They also reported 

that TDZ was more effective than Kinetin and BA in shoot induction.  

 

Supaibulwatana and Mii (1997) also reported on combinations of cytokinins, 

where NAA was found to be more productive compared to 2, 4-D and Picloram (when 

used in combination with other cytokinin). The highest percentage of root induction 

(69.4 %) was obtained when combination of Kinetin and NAA was used 

(Supaibulwatana and Mii, 1997). This occurred independently from shoot formation, 

where white-coloured roots quickly turned green with further elongation, after being 

produced from the flower buds. 

 

 Suzuki et al. (2002) on the other hand reported on events of somatic 

embryogenesis from leaves of Agapanthus praecox ssp. orientalis (Leighton) Leighton. 
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No occurrence of organogenesis or direct regeneration was reported and this is in 

agreement with the findings of this thesis, where only indirect regeneration via somatic 

embryogenesis was obtained when leaf explants were used. This is demonstrated in 

Chapter 3 and Chapter 4 of this thesis (Tables 3.1 and 4.1). 

 

 Chapter 3 of this thesis described the induction of callus from leaves, roots and 

young bulbs of A. praecox ssp. minimus. 17 hormones of different concentrations and 

combinations were tested in this chapter in order to find the best hormone to induce 

optimum callus induction of this species. As demonstrated in Table 3.1 and Figure 3.1, 

it was shown that both leaf and root explants responded readily to most of the hormone 

treatments to produce callus. However, root explants performed better than leaf 

explants, while young bulbs were the least responsive.  

 

 Bulb explants only produced callus when cultured on MS media supplemented 

with various concentrations of 2, 4-D (Chapter 3, Table 3.1). The callus formed were 

creamy-white in colour and friable in nature. In contrast to the bulb explants, root 

explants managed to produce callus in all cultures, only differing in terms of the colour 

and friability or structure of the callus being produced. For example, root explants 

cultured on MS media supplemented with various concentrations of Picloram managed 

to produce callus that were compact and yellow in colour, while friable callus were 

obtained in in vitro root cultures supplemented with other hormones such as 2, 4-D, 

combinations of NAA and BAP and combinations of IBA and Kinetin (Chapter 3, Table 

3.1).  

 

However, the callus produced from leaf explants were all friable in nature, 

differing only in terms of their colour. For example, in vitro leaf cultures supplemented 
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with Picloram and 2, 4-D produced yellow-coloured callus, while combinations of NAA 

and BAP as well as combinations of IBA and Kinetin produced creamy-white callus 

(Chapter 3, Table 3.1). 

 

 In addition, as shown in Table 3.1, the best hormone that produced the highest 

dry weight of callus from A. praecox ssp. minimus leaf explants was 2.0 mg/L PIC. For 

root explants, the best hormone was 2.0 mg/L 2,4-D, with dry weight of callus of 0.410 

± 0.120 g and 0.600 ± 0.002 g, respectively (Chapter 3, Table 3.1). However, the 

highest dry weight of callus (0.753 ± 0.012 g) was obtained when bulb explants were 

cultured on MS media supplemented with 2.0 mg/L 2,4-D (Chapter 3, Table 3.1), 

although this explant type was the least responsive. Therefore, it can be said that the 

hormones, Picloram and 2, 4-D are the most suitable hormones for induction of callus 

from various explants of Agapanthus praecox ssp. minimus. 

 

 The effectiveness of Picloram in inducing callus growth was also reported by 

Sener et al. (2008), where it was shown that Linsmaier and Skoog (1965) media 

supplemented with 7.5 mg/L Picloram gave the highest callus induction rate (31.3%) in 

in vitro cultures from immature inflorescence of spring barley cultivars, Hordeum 

vulgare L. Similar findings were also reported by Conger et al. (1982), where Picloram 

had been found to be effective in inducing callus in gramineae species such as Dactylis 

glomerata L. (orchardgrass), Festuca arundinacea Schreb. (tall fescue) and Lolium 

multiflorum Lam. (annual ryegrass).  

 

Besides that, Picloram had also been found to be very effective for callus 

induction in other species such as in potato, Solanum tuberosum L. (Hagen et al., 1990), 
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wheat, Triticum aestivum L. (Mendoza and Kaeppler, 2002), wetland monocot cattail, T. 

latifolia and J. accuminatus (Rogers et al., 1998; Sarma and Rogers, 1998). 

 

 2,4-D had also been shown to be very effective in inducing callus growth 

(Kolganova et al., 1992). However, the effectiveness of 2, 4-D for callus induction is 

subject to the species of the plant, whereby it had been reported that Dicamba and 

Picloram were especially superior than 2, 4-D for callus induction in tall fescue plant, 

Festuca arundinacea Schreb. (Conger et al., 1982). Both Rogers et al. (1998) and 

Sarma and Rogers (1998) also reported callus growth in T. latifolia and J. accuminatus 

via the use of hormones 2,4-D and NAA, although the use Picloram had been shown to 

be the most effective. 

 

 Furthermore, Chapter 3 (Table 3.1) also demonstrated that in the case of 2, 4-D 

hormone treatments, the degree of response (in terms of callus induction) was 

proportional to the concentrations of hormone used, whereby lower 2, 4-D 

concentrations resulted in lesser callus growth (with 0.447 ± 0.167 g of dry weight of 

callus for 0.5 mg/L 2, 4-D). In contrast, higher concentrations of 2,4-D hormone 

resulted in higher callus growth, with 0.753 ± 0.012 g of dry weight of callus was 

produced from cultures supplemented with 2.0 mg/L 2, 4-D (Chapter 3, Table 3.1). 

Similar findings had been reported by Devendra et al. (2011), where the frequency of 

callus formation from nodal explants of Eclipta alba L. Hassk increased with increasing 

concentrations of NAA. 

 

 This chapter provides significant insights to which hormones that can be used to 

initiate optimum production of callus from A. praecox ssp. minimus explants, whereby 

this is the initial step towards the production of somatic embryos via indirect 
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organogenesis. Somatic embryogenesis is a very beneficial tool for rapid production of 

clonal cultivars, where an embryo or a plant can be derived from a single somatic cell 

(Vicient and Martinez, 1998). This provides a new alternative for mass propagation of 

an elite cultivar, whereby hundreds of somatic cells can be produced from a single 

explant, therefore yielding hundreds of somatic embryos that would subsequently grow 

as clones of that elite cultivar. 

 

The callus formed in Chapter 3 were then subjected to a double staining test 

using 2% acetocarmine and 0.5% Evan’s blue solution in order to identify if the callus 

were embryogenic, as described in Chapter 4 (section 3.2). In this test, the embryonal 

heads will be stained red, while the suspensors or non-embryogenic cells will be stained 

blue (Gupta and Holmstrom, 2005). The events of somatic embryogenesis of A. praecox 

were clearly described in Chapter 4 (Tables 4.1 to 4.3). 

 

 In Chapter 4, 21 hormones of different concentrations and combinations were 

tested, in order to determine the optimum hormone to induce somatic embryogenesis. 

Somatic embryogenesis offers many advantages as compared to conventional breeding, 

especially in terms of mass propagation of selected genotypes though the use of 

bioreactors. Other than that, the somatic embryos can be utilized for production of 

synthetic seeds, where the somatic embryos were encapsulated and germinated as seeds 

(Norgaard et al., 1993). Somatic embryogenesis also allows higher yield of plants to be 

produced in a short time and may be cryopreserved for future use (Norgaard et al., 

1993). Besides that, somatic embryogenesis also serves as a very good model to study 

embryo development in plants, especially in terms of the biochemical and 

morphological changes that may have occurred due to the changes in gene expression 

patterns resulted from somatic embryogenesis (Santos et al., 2005). 
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Events of somatic embryogenesis had been reported in Picea abies (Hakman and 

Von Arnold, 1985; Chalupa, 1985) and various conifers and cycads (Jain et al., 1995). 

On the other hand, the use of bioreactors for mass propagation through somatic 

embryogenesis had been successful, as reported for Coffea canephora (Robusta) and 

Coffea arabica (Ducos et al., 2007). Li et al. (1998) had also reported the events of 

somatic embryogenesis in Theobroma cacao grown on DKW (Driver and Kuniyuki, 

1984) media supplemented with 9 µM 2,4-D, 22.7 nM TDZ, 2% sucrose and 0.2% 

phytagel. 

 

All hormones used in this chapter managed to induce the production of 

embryogenic callus for leaf explants of Agapanthus praecox ssp. minimus except for 

TDZ hormone treatments (Chapter 4, Table 4.1), where no callus formation was 

obtained, even in higher hormone concentration. As for PIC hormone treatment, 

embryogenic callus was obtained when leaf cultures were maintained at 25 ± 1 °C with 

16 hours light and 8 hours dark, but when the cultures were fully maintained under dark 

conditions, the callus formed was found to be non-embryogenic (Chapter 4, Table 4.1).   

 

As observed from Table 4.1, various hormones were capable in inducing 

optimum production of somatic embryos for leaf explants of A. praecox ssp. minimus. 

These hormones include 1 mg/L NAA + 1 mg/L BAP, 2 mg/L NAA + 2 mg/L BAP, 1 

mg/L PIC, 1 mg/L 2,4-D and 2 mg/L 2,4-D. All these five hormone treatments managed 

to induce the production of embryogenic callus in all thirty replicates. 

 

However, root explant of A. praecox ssp. minimus had been found to be the most 

responsive explant type for induction of somatic embryogenesis, where 52.38% from a 

total of 21 hormone combinations had yielded embryogenic callus. Those hormones 
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were combinations of NAA and BAP, 2,4-D and TDZ at concentrations ranging from 

0.5 mg/L to 2.0 mg/L (Chapter 4, Table 4.2). In contrast, bulb explant was found to be 

the least responsive in inducing somatic embryogenesis, as embryogenic callus was 

only obtained from cultures supplemented with 2,4-D (Chapter 4, Table 4.3). 

 

The competence of NAA, BAP and 2,4-D in inducing somatic embryogenesis 

had been previously reported in Brassica species, where 3 mg/L BAP, 2 mg/L NAA and 

2 mg/L 2, 4-D were found to be the most efficient hormones to induce somatic 

embryogenesis from hypocotyl explants of Brassica napus L. ssp. ‘Talayeh’ (Zeylani et 

al., 2010). However, contrasting results were reported for Citrus macroptera Mont. var. 

anammensis, where nucellus tissues grown on MS media supplemented with 2,4-D and 

Kinetin managed to produce callus growth but failed to induce somatic embryogenesis 

(Miah et al., 2002). In Rosa hybrida cvs. Carefree Beauty, the use of 2,4-D only 

managed to induce callus growth, but other hormones such as TDZ, BA, GA3 were 

needed for production of somatic embryos (Li et al., 2002). 

 

The resulting in vitro A. praecox ssp. minimus plantlets were then subsequently 

acclimatized to ensure further growth and development when they are fully transferred 

to the natural environment ex vitro, as described in Chapter 5. Plantlets from different 

regeneration pathways (through direct regeneration via micropropagation or somatic 

embryos) were acclimatized in three different growth substrates (black soil, red soil and 

combinations of black and red soil at 1:1) and their survival rates were monitored 

(Chapter 5, Table 5.4). The morphological (macro and micro) characteristics of the 

acclimatized in vitro plantlets were observed and compared to that of in vivo grown A. 

praecox ssp. minimus plantlets to detect any occurrences of somaclonal variation that 

may result, due to tissue culture stress (Chapter 5, sections 3.5 and 3.6). The chlorophyll 
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content of both in vivo and in vitro plants were also measured and compared (Chapter 5, 

Figure 5.8). 

 

Plantlets from different regeneration pathways showed different degree of 

growth performance. For example, the acclimatized in vitro grown A. praecox ssp. 

minimus plantlets that were derived from direct regeneration showed more leaves and a 

lot taller than the acclimatized in vitro plantlets that were derived from somatic embryos 

(Chapter 5, Table 5.1). However, as anticipated, in vitro plantlets of those two 

categories showed inferior growth as compared to the control (plantlets derived from 

aseptic seedlings).  

 

The growth of acclimatized in vitro plantlets was also compared to intact plants 

of similar age, as a second control. As shown in Chapter 5 (Table 5.1), in vivo plants 

showed superior results than that of in vitro plantlets, especially in terms of plant height, 

number of leaves and leaf length. After 90 days of acclimatization, it was observed that 

the leaf size (length) of in vitro A. praecox ssp. minimus plantlets from different 

regeneration pathways (via micropropagation and somatic embryogenesis) were not 

significantly different, with leaf length of 40.30 ± 1.18 mm and 42.30 ± 0.87 mm, 

respectively (Chapter 5, Table 5.1). However, those values were significantly lower 

than the control (intact plants and plantlets derived from aseptic seedlings), where the 

controls showed superior results with leaf length of 56.90 ± 2.16 mm and 58.30 ± 1.83 

mm, respectively (Chapter 5, Table 5.1). In addition, no events of flowering were 

observed from all acclimatized in vitro grown Agapanthus praecox ssp. minimus 

plantlets. This was because Agapanthus plants would only start to flower after the third 

or fourth year (Duncan, 1998b). 
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The effects of different types of growth media on acclimatization of plantlets 

were also studied in this chapter. As can be observed in Table 5.4, A. praecox ssp. 

minimus plantlets grown on combinations of red and black soil (1:1) showed the highest 

survival rate (96.67 ± 3.33 %) as compared to plantlets grown on black soil (86.67 ± 

6.31 %) or red soil (73.33 ± 8.21 %). As shown in Table 5.2, red soil contains high 

amounts of quartz, alongside other components such as potassium manganese oxide 

hydrate, zeolite rho (Sr-, (NH4)-exchanged, dehydrated), hydrogen and cobalt dicopper 

oxide. Quartz consists of a framework of tetrahedra that are bound other sets of 

tetrahedra (at each tetrahedron or corner of the tetrahedra), therefore making it a very 

large compound that cannot be tightly packed together (Troeh and Thompson, 2005). 

This caused the quartz structure to have large spaces within the structure that often 

contain water molecules or other impurities (Troeh and Thompson, 2005). Soils 

containing quartz are also generally acidic (Troeh and Thompson, 2005). 

 

This explained the high survival rate of A. praecox ssp. minimus when 

acclimatized in the red/black soil combination (1:1), as cultivation of Agapanthus sp. 

requires well-drained sandy soil that is slightly acidic (Duncan, 1998a). It was 

suggested that the best media for cultivation of Agapanthus sp. is equal parts of burnt 

soil and river sand, with acidic compost at the base of the vase/container (Duncan, 

1998a). 

 

 Different growth substrates or potting mixes yielded different results for 

acclimatization of different species. For example, Misra and Datta (2001) reported 

100% germination of Asiatic hybrid lilies cv. Orange Pixie when acclimatized on 3:1 

mixture of leaf mould and soil.  In vitro plantlets of African violet, Saintpaulia ionantha 

acclimatized on 100% sand yielded 95% survival rate, while in vitro plantlets of same 
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species acclimatized on 1:1 mixture of sand : farmyard manure, 1:1 mixture of sand : 

coconut husk and 1:1 mixture of sand : ground charcol yielded 80%, 70% and 65% 

survival rates respectively (Khan et al., 2007). On the other hand, Lilium ledebourii 

(Baker) Boiss showed 90% survival rate when acclimatized on 1:1:1 mixture sand : leaf 

mould : peat moss (Azadi and Khui, 2007), while sugarcane, Saccharum officinarum L. 

cv. Thatta-10 showed 96% survival rate when acclimatized on 2:8 mixture of farm yard 

manure and garden soil (Ather et al., 2009). 

 

 However, as reported by Saifullah et al. (2010), the survival rates of the 

acclimatized plantlets also depend on other factors such as humidity, as well as the 

different growth substrates that were used. For example, humidity level of 30% was 

found to be the most ideal for acclimatization of lily plantlets (Lilium regale) and 

growth substrates consisting of only peat moss was observed to be the best substrate for 

acclimation of Lilium regale, with an average of 80% - 100% survival rate (Saifullah et 

al., 2010). In acclimatization of Douglas fir or Pseudotsuga menziesii (Mirb.) Franco, 

only 33% survival rate was achieved when the in vitro plantlets of P. menziesii were 

kept under relative humidity level of 40% - 70% and at temperatures ranging from 22°C 

- 28°C, but a significantly higher survival rate (89%) was shown when the plantlets 

were kept under relative humidity level of 80% - 90%, at 15°C - 20°C (Mohammed and 

Vidaver, 1990). This indicates that plantlets performed better under low stress and this 

was very apparent based on shoot elongation of P. menziesii that doubled under low 

stress compared to those kept under high stress environment (Mohammed and Vidaver, 

1990). However, in contrast to that, the decrease of relative humidity did not hamper the 

acclimatization of in vitro sugarcane plantlets (Saccharum spp. hybrid var. C91-301), as 

depicted by the increase of photosynthetic activity shown by the acclimatized plantlets 

(Rodriguez et al., 2003). 
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Moreover, in Chapter 5, it was found that initial morphological features of A. 

praecox ssp. minimus plantlets prior to acclimatization greatly influenced the success of 

acclimatization of this species. As shown in Table 5.1, A. praecox ssp. minimus 

plantlets that are taller on Day 0 exhibited the greatest increase in plant height after 3 

months, where A. praecox ssp. minimus plantlets with initial height of 75.60 ± 2.01 mm 

(plantlets derived from direct regeneration) showed a striking increase of 20.60 ± 0.33 

mm in height after 3 months, compared to plantlets with initial height of 52.10 ± 2.26 

mm (plantlets derived from somatic embryos) that only depicted a smaller increase of 

15.00 ± 0.27 mm.  

 

A. praecox ssp. minimus plantlets with higher number of leaves prior to 

acclimatization also showed the most number of leaves after 3 months, as shown by 

acclimatized A. praecox plantlets that were derived from direct regeneration, with 10.40 

± 0.50 leaves compared to plantlets derived from somatic embryos (with only 5.70 ± 

0.34 leaves). However, as reported by Seelye et al. (2003) and Huylenbroeck et al. 

(1996), although in vitro grown leaves are photosynthetically competent, leaves with 

higher photosynthetic activity would be formed after acclimatization to replace the in 

vitro grown leaves. These newly-formed leaves however could still possess less 

photosynthetic capacity than that of in vivo plants (Carvalho et al., 2001). 

 

This was supported by the findings by Mohammed and Vidaver (1990) whom 

reported that taller P. menziesii plantlets survived better when acclimatized ex vitro, 

whereby P. menziesii with an initial shoot height of 41-60 mm showed 53% survival 

rate, double than that of shorter plantlets (Mohammed and Vidaver, 1990). It was also 

found that in vitro P. menziesii plantlets with high number of roots (10 and more) 

showed 52% survival rate and better shoot elongation than those with less roots prior to 
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acclimatization (25% survival rate for plantlets with 1-3 roots and 31% survival rate for 

plantlets with 4-10 roots). These findings contradict the hypothesis of previous 

researchers, whereby it was suggested that roots grown in vitro are non-functional and 

are replaced when the plants were acclimatized to ensure successful survival and growth 

(Davis et al., 1977; Debergh and Maene, 1981; Maene and Debergh, 1983; Read and 

Fellman, 1985; Pierik, 1987). However, as reported by Seelye et al. (2003), roots that 

formed during in vitro culture might be advantageous to the in vitro grown plantlets, 

whereby the in vitro grown roots helped to promote early growth following transfer 

from in vitro to ex vitro conditions by creating a favourable plant water balance (Diaz-

Perez et al., 1995). 

 

The importance of rooting was also clearly depicted in Asian jasmine, 

Trachelospemum asiaticum whereby it was reported that poor root and root hair growth 

due to tissue culture greatly affect the success of acclimatization of the in vitro grown 

plantlets (Apter et al., 1993) as the stress for water and nutrient uptake increases after 

acclimatization due to the shortened length or absence of the root hairs which caused 

the roots to be less functional (Preece and Sutter, 1991; McKeand and Allen, 1984). 

However, Goncalves et al. (1998) suggested that the influence of in vitro grown roots 

on the success of acclimatization varied depending on the species, for example only 

50% of chestnut plantlets, Castanea sativa XC. crenata (with in vitro grown roots) 

survived after acclimatization compared to the astonishingly high 100% survival rate 

shown by the chestnut plantlets with ex-vitro grown roots. 

 

Temperature is also a very important factor because each plant has its own base 

temperature; whereby below that value, the plant cannot sustain its development 

anymore (Vinovur and Ritchie, 2001; Tojo et al., 2005). Every plant also has its 
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optimum temperature requirements where at such temperatures, it can grow well and 

hence produce good yield (Tojo et al., 2005). For example, tropical crops have different 

optimal temperature requirements as compared to temperate climate crops. As explained 

earlier, sunlight does not only provide the plants with useful photosynthetically active 

radiation (PAR), but also heat (which is usually in the form of infra-red) (Monteith, 

1977; Bajaj, 1994). This is very important to ensure for efficient photosynthesis and to 

maintain the regularity of the plant’s temperature to sustain cell reproduction and plant 

development (Bajaj, 1994). However, the effects of temperature and PAR were not 

studied in detail in this chapter.  

 

The ability of the acclimatized A. praecox ssp. minimus plants to undergo 

efficient photosynthesis were indirectly monitored by measuring the chlorophyll content 

of the plants, in vivo versus in vitro (before and after acclimatization). As depicted in 

Figure 5.8, the chlorophyll content of the in vitro plants was lower than that of in vivo 

plants. This was supported by the findings by Triques et al. (1997), whom reported 

lower chlorophyll and Rubisco (ribulose 1,5-bisphosphase carboxylase/oxygenase) 

content in in vitro grown coconut (Cocos Nucifera L.) plants compared to autotrophic 

plants of that species. Premkumar et al. (2001) also reported a significant decrease in 

large subunits of ribulose 1,5-bisphosphase carboxylase/oxygenase (Rubisco) in in vitro 

grown oak, avocado and strawberry, as well as for small subunits of Rubisco (for oak 

and strawberry) as compared to ex vitro grown plantlets. Interestingly, the concentration 

of chlorophyll in leaves of in vitro grown oak, strawberry, avocado and olive plants 

were reported to be higher than that grown in a greenhouse (Premkumar et al., 2001). 

The decrease in Rubisco content in vitro grown plants was directly related to the 

reduction of chlorophyll concentration (Centritto and Jarvis, 1999; Oksanen and 

Saleem, 1999). 
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It was also found that chlorophyll content of the in vitro grown A. praecox ssp. 

minimus plants increased after acclimatization, as shown in Figure 5.8. Similar results 

were reported by Trillas et al. (1995), Synkova (1997), Rival et al. (1997) and 

Pospisilova et al. (1998), where the contents of chlorophyll a and chlorophyll b of 

Gardenia jasminoides E., oil palm and tobacco plants were found to be increasing after 

acclimatization. 

 

Scanning electron microscopy (SEM) also revealed that the stomatal density of 

in vivo grown A. praecox (Figure 5.12) was higher as compared to that of in vitro grown 

A. praecox ssp. minimus (Figure 5.10). However, the stomatal density of the in vitro 

plantlets would increase with time after acclimatization, as reported in Prunus serotina 

and Rhododendron spp. plants (Waldenmaier and Schmidt, 1990; Drew et al., 1992).  

 

As mentioned in Chapter 5 (section 3.6), both in vivo and in vitro grown A. 

praecox ssp. minimus leaves had stoma of similar size (32.86 µm), that were 

anomocytic in shape, whereby the guard cells of the stomata were not surrounded by 

any subsidiary cells (Perveen et al., 2007). However, in Prunus cerasus, Vaccinium 

corymbosum and Nicotiana tabacum, the shape of the stoma on in vitro and ex vitro 

grown leaves were different, where ring-shaped stomata was observed on in vitro grown 

leaves, while elliptical-shaped stomata was observed on leaves of ex vitro plants of 

same species (Marin et al., 1988; Noe and Bonini, 1996; Ticha et al., 1999). 

 

Through SEM, it was also observed that the abaxial surface of the in vivo leaf 

was hairy (Figure 5.13), while the abaxial surface of the in vitro leaf had no hair 

structures (Figure 5.14). Donnely and Vidaver (1984) also depicted similar findings in 

their work with Rubus idaeus, where less epidermal hairs were observed on leaves of in 
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vitro grown R. idaeus, compared to leaves that formed after acclimatization and on in 

vivo grown plants. 

 

Observation of morphological features of in vitro grown A. praecox ssp. 

minimus plants compared to in vivo and ex vitro A. praecox ssp. minimus plants after 

acclimatization were very important to detect any abnormalities, vitrifications, or 

somaclonal variations that might have occurred due to tissue culture. However, as 

explained in Chapter 5 (sections 3.5 and 3.6), no morphological abnormalities or 

somaclonal variations were observed, despite the differences in terms of plant height, 

number of leaves or leaf length. Both in vivo and in vitro A. praecox ssp. minimus 

plantlets have similar leaf shape and as observed via SEM, all the micromorphological 

features such as stomal shape and size were similar.  

 

In order to further verify these findings, cytological analysis was carried out to 

compare between the in vivo and in vitro grown plants, to detect the occurrence of 

somaclonal variation at the cellular level. Cellular parameters such as mitotic index 

(MI), chromosome count, mean nuclear area, mean cell area, ratio of nuclear area to 

cellular area, nuclear DNA C value and ploidy level were investigated from 

meristematic tissues of both in vivo and in vitro grown A. praecox ssp. minimus roots, as 

clearly explained in Chapters 6 and 7. 

 

In Chapter 6 (Figure 6.2), the standard growth of A. praecox ssp. minimus (in 

vivo) was studied to determine the growth rate of the primary roots, in order to 

standardize the size of all samples for subsequent cytological experiments. The 

secondary roots of A. praecox ssp. minimus started to appear after the 14
th

 day, therefore 

root samples aged 13-days-old with mean root length of 12.12 ± 1.07 mm were used for 
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preparations of permanent slides. In meristematic cells of in vivo grown A. praecox ssp. 

minimus roots, which achieved the mean root length of the sample, the MI value was 

determined to be 10.84 ± 1.84 (Chapter 6, section 3.3.1). The mean chromosome 

number was 30.2 ± 0.66 (Chapter 6, section 3.3.2), while mean nuclear and cell areas 

were 742.20 ± 68.27 µm
2 

and 2738.96 ± 220.54 µm
2 

(Table 6.2), respectively. The ratio 

of nuclear to cellular area was 0.28 ± 0.02 µm
2 

(Table 6.2). Based on the histogram of 

DNA C values (Figure 6.11) of meristematic cells of in vivo grown A. praecox ssp. 

minimus roots, the meristematic cells were diploid, with 100% of the sample cells were 

in G1 phase (Table 6.3). 

 

As for the in vitro grown A. praecox ssp. minimus roots, cellular behaviour of 

the meristematic cells were investigated from permanent slides made using roots which 

had achieved the previously determined mean primary root length of the sample (12.12 

± 1.07 mm). The cellular parameters including the MI, chromosome count, mean 

nuclear area, mean cell area, ratio of nuclear to cellular areas, nuclear DNA C value and 

ploidy level of the meristematic cells were studied every week to investigate the effects 

of culture time on the cellular behaviour of in vitro grown A. praecox ssp. minimus. The 

effects of plant growth regulators or plant hormones were also studied, whereby roots 

from in vitro A. praecox ssp. minimus grown on MS media supplemented with 1 mg/L 

IBA and 1 mg/L Kinetin (and also root samples from in vitro plants grown on MS basal 

media, for comparison) were used in this study. 

 

The MI value of meristematic cells of in vitro grown A. praecox ssp. minimus 

roots (both supplemented or non-supplemented with plant growth regulators) were not 

significantly different, therefore suggesting that culture time did not influence the 

mitotic index of this species. The MI values of 2, 3, 4 and 5-week-old in vitro A. 
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praecox ssp. minimus grown on MS media supplemented with 1 mg/L IBA and 1 mg/L 

Kinetin were 16.23 ± 0.66, 13.00 ± 1.46, 15.71 ± 4.53 and 15.69 ± 3.35 (Table 7.1), 

respectively. The MI value of 5-week-old in vitro A. praecox ssp. minimus grown on 

MS basal media was 11.81 ± 1.84 (Table 7.1). It was observed that the MI value of in 

vitro A. praecox ssp. minimus grown on MS basal media was slightly lower than that of 

in vitro A. praecox ssp. minimus grown on MS media supplemented with hormones, 

though the differences were not significant. However, the MI value of in vivo grown A. 

praecox ssp. minimus was the lowest, at only 10.84 ± 1.84 (Table 7.1). 

 

The chromosome count of 2, 3, 4 and 5-week-old in vitro A. praecox ssp. 

minimus grown on MS media supplemented with 1 mg/L IBA and 1 mg/L Kinetin were 

32.07 ± 2.33, 29.93 ± 1.38, 29.50 ± 2.37 and 30.53 ± 0.97 (Table 7.2,) respectively. 

Similarly, the chromosome count of 5-week-old in vitro A. praecox ssp. minimus grown 

on MS basal media was 30.00 ± 1.32 (Table 7.2). It was found that the chromosome 

counts of in vitro and in vivo grown A. praecox ssp. minimus, either with or without 

hormone supplement were similar (with mean chromosome count of 30.37 ± 0.37), 

therefore suggesting that culture time and addition of plant hormones did not have any 

influence on the chromosome count of A. praecox ssp. minimus. 

 

All plants within the genus Agapanthus have the same number of chromosomes, 

therefore implying the importance of studies on nuclear DNA content to elucidate any 

differences between taxa (Ohri, 1998). Zonneveld and Duncan (2003) and Riley and 

Mukerjee (1960) had revealed that all speceis of the genus Agapanthus L’Heritier 

(Agapanthaceae) had 30 chromosomes (2n = 2x = 30), except four Agapanthus sp. that 

are triploid, including A. inapertus sp. pendulus, A. inapertus sp. inapertus, A. inapertus 

sp. intermedius (dyeri) and A. africanus (L.) Hoffmans. This is in agreement with the 
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findings of this thesis, whereby it was found that the chromosome count of both in vivo 

and in vitro grown A. praecox ssp. minimus were 30 (Chapter 7, Table 7.2). However, 

interestingly, Nakano et al. (2003) reported that cells of in vitro A. praecox ssp. 

orientalis (Leighton) Leighton regenerants produced from callus-derived protoplast of 

this species contain 32 chromosomes (diploid). 

 

As depicted in Table 7.2, the mean chromosome numbers of A. praecox ssp. 

minimus plants were found to be uniform throughout all samples (in vivo and in vitro). 

Raha and Roy (2003) also reported similar observations, where similar/stable number of 

chromosomes (22) was observed in in vitro grown Holarrhena antidysenterica Wall. 

However, in a rapid growing Populus sp., in vitro grown plants of this species had been 

reported to show different chromosomal number (Sommer and Wetzstein, 1984; Rani et 

al., 1995). 

 

The mean nuclear areas, mean cell areas and ratio of nuclear areas to cell areas 

of meristematic cells of in vitro grown A. praecox ssp. minimus roots as well as 

embryogenic callus of A. praecox ssp. minimus were also investigated. The mean 

nuclear areas of 2, 3, 4 and 5-week-old in vitro A. praecox ssp. minimus grown on MS 

media supplemented with 1 mg/L IBA and 1 mg/L Kinetin were 248.04 ± 24.79 µm
2
, 

382.55 ± 31.13 µm
2
, 265.97 ± 32.98 µm

2 
and 205.64 ± 11.75 µm

2
 (Table 7.3), 

respectively. In comparison, the mean nuclear area of 5-week-old in vitro A. praecox 

ssp. minimus grown on MS basal media was 153.28 ± 4.62 µm
2
 (Table 7.3). It was 

observed that the mean nuclear area of 5-week-old in vitro grown A. praecox ssp. 

minimus roots (grown on MS basal media or supplemented with hormones) was slightly 

lower than the mean nuclear areas of younger roots. This suggests that the mean nuclear 

area of in vitro grown A. praecox ssp. minimus decreases with culture time, irrespective 
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of hormone supplement. Besides that, it was also noted that the mean nuclear area of in 

vivo grown A. praecox ssp. minimus roots were significantly higher (742.20 ± 68.27 

µm
2
) than that of in vitro roots, therefore implying that nuclear area of A. praecox ssp. 

minimus roots decreased in vitro, most probably due to tissue culture stress.  

 

The mean cell areas of 2, 3, 4 and 5-week-old in vitro A. praecox ssp. minimus 

grown on MS media supplemented with 1 mg/L IBA and 1 mg/L Kinetin were 813.51 ± 

85.12 µm
2
, 981.05 ± 99.89 µm

2
, 847.15 ± 174.09 µm

2
 and 586.54 ± 48.18 µm

2
 (Table 

7.3), respectively. In comparison, the mean cell area of 5-week-old in vitro A. praecox 

ssp. minimus grown on MS basal media was 604.42 ± 33.87 µm
2
 (Table 7.3). These 

indicate that cell areas of in vitro grown A. praecox ssp. minimus decreased with culture 

time. However, the mean cell area of in vivo grown A. praecox ssp. minimus was 

significantly higher (2738.96 ± 220.54 µm
2
) than that of in vitro grown A. praecox ssp. 

minimus, therefore implying that the cellular area of the meristematic cells of A. 

praecox ssp. minimus roots was reduced when brought in vitro and the stress of tissue 

culture also caused the cellular area of in vitro A. praecox ssp. minimus to decrease over 

time (in culture). 

 

The ratio of mean nuclear areas to mean cell areas of meristematic cells of both 

in vivo and in vitro grown A. praecox ssp. minimus roots was also studied in Chapter 7. 

The ratio of mean nuclear areas to mean cell areas of 2, 3, 4 and 5-week-old in vitro A. 

praecox ssp. minimus grown on MS media supplemented with 1 mg/L IBA and 1 mg/L 

Kinetin were 0.31 ± 0.03 µm
2
, 0.40 ± 0.02 µm

2
, 0.35 ± 0.03 µm

2
 and 0.36 ± 0.02 µm

2
 

(Table 7.3), respectively. In comparison, the ratio of mean nuclear area to mean cell 

area of 5-week-old in vitro A. praecox ssp. minimus grown on MS basal media and in 

vivo grown A. praecox ssp. minimus were 0.26 ± 0.01 µm
2
 and 0.28 ± 0.02, respectively 



  190 

(Table 7.3). From these results, a slight increment of ratio of nuclear areas to cell areas 

was observed when the A. praecox ssp. minimus plants were transfered in vitro. 

Addition of plant growth regulators or plant hormones also influenced the ratio of 

nuclear area to cell area of A. praecox ssp. minimus, whereby it was observed that the 

ratio was slightly elevated for in vitro samples than that of in vivo samples. 

 

As for the embryogenic callus of A. praecox ssp. minimus, it was observed that 

the nuclear area and cellular area of embryogenic callus of A. praecox ssp. minimus 

were very high, with mean area of 798.90 ± 114.47 µm
2
 and 1167.58 ± 124.20 µm

2 

respectively (Chapter 7, Table 7.3). The ratio of nuclear area to cellular area of 

embryogenic callus of A. praecox ssp. minimus was also significantly higher than that of 

meristematic cells of A. praecox ssp. minimus roots. 

 

The ploidy level of meristematic cells of in vitro grown A. praecox ssp. minimus 

roots was also investigated. As depicted in Table 7.5, meristematic cells of in vivo 

grown A. praecox ssp. minimus were found to be diploid, with 100% of the 

meristematic cells in G1 phase. When A. praecox ssp. minimus plants were grown in 

vitro, the meristematic cells of A. praecox ssp. minimus maintained its ploidy; where it 

was observed that almost all meristematic cells of both 2-week-old and 3-week-old in 

vitro grown A. praecox ssp. minimus were still diploid, with only 4.00 % and 1.33 % 

polyploid cells, respectively (Table 7.5). However, as culture time increases, the ploidy 

level of meristematic cells of in vitro grown A. praecox ssp. minimus was changed; 

where the meristematic cells of 4-week-old and 5-week-old A. praecox ssp. minimus 

roots (with or without plant hormones) were found to consist of increasing number of 

polyploid cells (Table 7.5). These implied that A. praecox ssp. minimus cells were 
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initially diploid, but turned to be polyploid with increasing culture time, irrespective of 

addition of plant hormones.  

 

All species within the genus Agapanthus L’Heritier (Agapanthaceae) are diploid 

(Zonneveld and Duncan, 2003). This is in agreement with the findings of this thesis, 

whereby both in vivo and in vitro (2-week-old and 3-week-old) A. praecox ssp. minimus 

were found to be diploid. However, as explained in earlier chapters, it was found that 

the ploidy level of A. praecox ssp. minimus had changed with culture time (Table 7.5), 

most probably due to tissue culture stress. This indicates that Agapanthus sp. were not 

thoroughly genetically stable, when subjected to prolonged in vitro cultures. Evidently, 

in the production of transgenic lines of Agapanthus praecox ssp. orientalis through co-

cultivation of embryogenic callus with Agrobacterium tumefaciens with transgenic 

strains, Mori et al. (2007) revealed that four out of five transgenic lines that were 

produced had kept their ploidy level (diploid) except for one line that were tetraploid. 

 

Cytological studies conducted on callus obtained from celery, Apium graveolens 

var. dulce revealed that culture time and sub-cultures did not affect the in vitro grown A. 

graveolens, as the in vitro plants were morphologically similar to in vivo plants of that 

species (Williams and Collin, 1976). However, in contrast to the findings of this thesis, 

the ploidy level (diploid) of in vitro grown H. antidysenterica was uniformly similar to 

the in vivo grown plants (Raha and Roy, 2003). Ghosh et al. (1998) and Banerjee and 

Sharma (1989) also reported uniform chromosome counts (22) from root tip cells of in 

vitro grown Rauvolfia serpentina and Eucalyptus sp. (Rani and Raina, 1998). Studies on 

another liliaceous species, Tricyrtis spp. also revealed no changes in the ploidy level of 

in vitro regenerants of this species (Nakano et al., 2004). 
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Based on all the cellular parameters studied in Chapters 6 and 7, it was observed 

that some changes in cellular parameters were indirectly influenced by culture time, as 

the plants need to adapt to the new growth environments in vitro restricted by the stress 

of tissue culture. Addition of plant hormones was found to be advantageous to the 

cultured plants especially for certain parameters such as nuclear and cellular areas, 

where it was found that addition of plant hormones (1 mg/L IBA and 1 mg/L Kinetin) 

had helped the nuclear and cellular areas of in vitro grown A. praecox ssp. minimus to 

be not as significantly affected by tissue culture stress as in vitro A. praecox ssp. 

minimus grown on plant growth regulator-free media.  

 

However, important parameters such as mitotic index and chromosome count 

were not affected. Despite these minor changes, the morphological features of the in 

vitro cultured plants were not affected, as explained in Chapter 5. Both the in vivo and 

in vitro grown A. praecox ssp. minimus plantlets did not differ morphologically, as 

observed via SEM and through visual observations. From this, it can be said that no 

somaclonal variations were detected, as no morphological abnormalities were observed 

on in vitro grown A. praecox ssp. minimus plants compared to in vivo grown plants of 

this species. 

 

In Chapter 8, the beautiful colour of A. praecox ssp. minimus flower petals were 

studied, whereby the coloured pigments of the flower petals were extracted and 

manipulated. The eye-catching violet blue colour of A. praecox ssp. minimus flowers 

had raised soaring attention onto this species, especially for landscaping or as 

ornamentals. The coloured pigment was extracted from the flower petals of A. praecox 

ssp. minimus through solvent extraction and then, identity of the coloured pigment was 

investigated via several stages of experiments.  
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According to Sowbhagya and Chitra (2010), there are various extraction 

techniques that can be employed to extract colourants or coloured pigments from plant 

materials, including steam distillation, hydrodistillation, supercritical fluid extraction 

(SCFE), enzymatic extraction and solvent extraction (as demonstrated in this chapter). 

In solvent extraction, various types of solvent such as dichlotoethane, dichloromethane, 

alcohol, hexane, methanol and acetone can be used to extract the pigments of interest 

from plant samples (Sowbhagya and Chitra, 2010). In this chapter, acetone was used for 

solvent extraction of the anthocyanins from A. praecox ssp. minimus flower petals 

instead of methanol, as it was reported that anthocyanins in ethanolic solutions would 

discolour at a faster rate compared to that in aqueous solution (Tseng et al., 2006). Other 

than that, it had also been reported that acidified acetone (mixture of acetone/acetic acid 

at v/v of 99:1) yielded the best results for extraction of polyphenols from strawberries 

compared to extractions using methanol (Kajdzanoska et al., 2011). 

 

Preliminary identification of this coloured pigment involved pH variation tests, 

whereby the coloured pigments were extracted from the flower petals through solvent 

extraction using 70% acetone, followed by varying the pH of the extract to pH 1, 2.5, 

4.5, 7, 9.5, 11.5 and 14. Any changes in the colour of the extract were noted and 

compared. It was found that the colour of the extract changed according to pH, where it 

became pink-purplish at pH 1, dark red at pH 2.5, light purple at pH 4.5, dark turquoise 

at pH 7, dark green at pH 9.5, light green at pH 11.5 and yellow at pH 14 (Figure 8.1), 

which strongly indicated that the extracts contain anthocyanin pigments (Giusti and 

Wrolstad, 2001; Wrolstad et al., 2005). 

 

The identity of the pigment was further confirmed through UV-

spectromotometry, where the acidic extracts at pH 1, dark red at pH 2.5, light purple at 
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pH 4.5, dark turquoise at pH 7 were irradiated with UV light between the wavelengths 

of 400 to 700 nm. The spectrum profiles (Figure 8.3) and the maximum absorbance 

readings (Table 8.1) obtained had vehemently confirmed the identity of the pigment as 

anthocyanin. 

 

Following the UV-spectrophotometric analysis, the total anthocyanin content of 

A. praecox was also calculated using the pH differential method (Chapter 8, section 2.5) 

and it was found that the total anthocyanin content of A. praecox ssp. minimus was 

roughly about 1227.578 mg/L (Chapter 8, section 3.3). The total anthocyanin content of 

A. praecox ssp. minimus as determined in this chapter was lower than the anthocyanin 

content of purple corn, Zea Mays, with total anthocyanin content of 14.21 – 15.44 g/L 

(corn cob) and 3.34-3.89 g/L (corn kernel) respectively (Kim and Wampler, 2009). The 

slight differences in total anthocyanin content found in Zea mays were due to samples 

preparation, where slightly lower anthocyanin content was detected when the samples 

were filtered, instead of being centrifuged (Kim and Wampler, 2009).  

 

The total anthocyanin content can also be affected by other factors such as 

through sample freezing and drying. For example, the total anthocyanin content in dried 

blueberries, Vaccinium corymbosum (3.7 mg/g dry matter for dried blueberries pre-

treated with osmotic treatment and 4.3 ± 0.1 mg/g dry matter for untreated blueberries) 

was significantly reduced from 7.2 ± 0.5 mg/g dry matter as contained in fresh 

blueberris (Lohachoompol et al., 2004).  

 

The colour of the sample was also found to influence the anthocyanin content of 

a species, for example in wheat, Hunterlab colour values was found to be significantly 

correlated with the anthocyanin content of wheat, where it was found that the total 
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anthocyanin content of blue wheat whole meal (average of 157 mg/kg) was higher than 

that of purple wheat whole meal (104 mg/kg) and total anthocyanin content of blue 

wheat bran (458 mg/kg) was also much higher than that of purple wheat bran (251 

mg/kg) (Abdel-Aal and Hucl, 1999). Similar observations were also reported in cherry 

laurel (Prunus laurocerasus L.), where it was found that highly coloured cherries have 

lower anthocyanin content (Kasim et al., 2011). In studies of anthocyanin content of 

pigmented rice (Oryza sativa L.), coloured rice was found to contain more antioxidant 

activity and anthocyanin content than white rice (Sutharut and Sudarat, 2012). 

 

Studies on anthocyanin content and UV-visible spectrum proflies of in vitro 

grown A. praecox ssp. minimus had not been carried out in this thesis, as no events of 

flowering was observed for the in vitro grown A. praecox ssp. minimus plants, as 

Agapanthus plants would only start to flower after the third or fourth year (Duncan, 

1998b). However, in in vitro studies of sweetpotato (Ipomoea batatas L.), it was found 

that increasing sucrose concentrations in the growth media was directly correlated with 

the accumulation of anthocyanins and flavonoids (El Far and Taie, 2009). Zwayyed et 

al. (1991) also reported a direct correlation between accumulations of anthocyanins 

with increasing glucose content (when glucose exceeds 50% of sugar content) in 

suspension cultures of carrot, Daucus carota. This is because sugars are essential 

components of phenolic biosynthetic pathway (Thimann et al., 1950; Wong et al., 1974) 

and synthesis of anthocyanins and flavonoids are sugar-specific (Solfanelli et al., 2006). 

However, it had been reported that addition of riboflavin (Mori and Sakurai, 1995) and 

abscisic acid (Pire and Mullins, 1976) would greatly promote the effects of sucrose in in 

vitro anthocyanin production, while nitrate yielded contrasting outcomes (Pire and 

Mullins, 1976). In studies on Perilla frutescens, it was found that in vitro cultures kept 
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in high temperatures (25 - 28°C) yielded astonishingly low anthocyanin levels (Zhong 

and Yoshida, 1993). 

 

Chapter 8 also described the manipulation of anthocyanins that had been 

extracted from the flower petals of A. praecox ssp. minimus to produce a natural 

colourant. This was done by mixing the coloured extracts at pH 1 with resin Poly 

(methyl methacrylate), PMMA with ratio of resin to extract of 1:5. According to 

Mortensen (2006) and Aberoumand (2011), colourants (especially food colourants) 

consists of four categories, including natural colours, nature-identical colours, synthetic 

colours and inorganic colours. Based on this categories, the anthocyanin-derived 

colourant produced in this chapter can be categorized as ‘nature-identical’colours, as it 

was man-made but also exists in nature, such as riboflavin, carotene and canthaxanthin 

(Mortensen, 2006; Aberoumand, 2011). Examples of widely used natural colourants 

include the use of quinonoids extracted from Laccifer lacca to dye silk and woolen 

textiles (Mortensen, 2006), anthocyanins extracted from Sambucus canadensis fruits as 

food colourant (Inami et al., 1996), flavonoids from flowers of Delphinium zalil for 

calico printing (Kumar and Sinha, 2004), as well as dyes made from henna, Lawsonia 

inermis and skins of red onions, Allium cepa to dye cotton textiles (Mohamed, 2010). 

 

In this chapter, anthocyanin extracts at pH 1 was chosen to be used in the 

production of natural colourant because the anthocyanin extracts at pH 1 was found to 

be the most stable of all acidic extracts that had been obtained (as extracts at pH 1 was 

observed to be the last one to fade when left under normal light conditions at room 

temperature). However, according to Brouillard (1982), Jackman et al. (1987) and 

Mazza and Brouillard (1990), there are various factors that can affect the stability of 

anthocyanins such as pH, temperature, the presence of oxygen, metal ions, enzymes, 
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ascorbic acid, sulfur dioxide, sugars, sugar degradation products and also copigments 

such as ferulic and rosmarinic acids, which were the strongest copigments for all 

anthocyanins (Eiro and Heinonen, 2002). Besides that, it was also reported that UV light 

can affect anthocyanin sysnthesis in Ipomoea purpurea (Lu et al., 2009), as supported 

by Jenkins et al. (2001) and Cominelli et al. (2008) whom reported similar findings, 

whereby it had been found that UV light plays an important role in anthocyanin pathway 

gene expression in Arabidopsis. This therefore explained the degradation of A. praecox 

anthcoyanin extracts when left under normal light conditions at room temperature, 

subject to the pH of the extracts, as it was shown that extracts (colour) at higher pH 

faded faster than that at lower pH. Comparable to the findings of this thesis, Ozela et al. 

(2007) also demonstrated the correlation of anthocyanin degradation with light, 

temperature and pH in anthocyanin extracts from spinach vine (Basella rubra) fruits. 

 

 However, the molecular structure of the anthocyanins also affects its stability, 

therefore rendering some anthocyanins to be more stable than others (Barczak, 2005). 

As shown in Figure 8.5, the structure of A. praecox anthocyanin consists of two 

delphinidin 3-O-(6-O-p-coumaroyl glucoside) 7-O-(6-succinyl glucoside) that are linked 

to kaempferol-3,4’-diglucoside 7-xyloside and kaempferol-3,7,4’-triglucoside (Bloor 

and Falshaw, 2000). Generally, colour of samples with anthocyanins that are rich in 

petunidin or malvidin aglycones is more stable than that of samples containing cyanidin, 

pelargonidin or delphinidin aglycones (Barczak, 2005). As shown in Figure 8.5, 

anthocyanin extracts of A. praecox contain delphinidin, therefore implying that it less 

stable than other anthocyanins. Nevertheless, the stability of A. praecox anthocyanin can 

be improved by adding acylating substituents to the molecular structure, which can help 

by reducing the possibility of intramolecular copigmnetation (Osawa, 1982; Dangles et 
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al., 1992; Davies and Mazza, 1993; Figueiredo et al., 1996). However, this strategy has 

not been explored in this thesis. 

 

The anthocyanin-derived natural colourant obtained in Chapter 8 was then used 

to coat the glass slides (Figure 8.6). As can be observed from Figure 8.6, the coating 

material produced a shiny and even surface when applied onto slick surfaces, implying 

flexibility of usage of the produced colourant, as it can be used on difficult surfaces. 

The durability of the colourant was tested via weathering tests (salt and heat tests) and 

was further verified through UV-visible spectrophotometry. 

 

Microscopic observations conducted on the heated (60°C, 80°C and 100°C) 

coated glass slides showed more formation of air bubbles and occurrences of surface 

cracks as the temperature increased (Figure 8.7). The colour of the coatings also 

changed with temperature, where it became pink/orange at 60°C, creamy orange at 

80°C and dark orange/brown at 100°C (Figure 8.7). Salts tests also revealed similar 

observations, where more formation of air bubbles occurred on the coated slides dipped 

in 10% NaCl than in 5% and 1% NaCl. Further verification via UV-visible 

spectrophotometry revealed a decrease in absorbance values occurring at a faster rate 

for coated slides heated at extreme temperatures (Figure 8.8) and coated slides dipped in 

higher NaCl concentrations (Figure 8.9).  

 

The results obtained in Chapter 8 revealed the suitability of A. praecox ssp. 

minimus anthocyanins to be used in the production of natural colourant. The ability of 

the colourant to produce a smooth and shiny texture when applied onto slick surfaces 

such as on glass slides suggested wider areas of possible applications for the produced 

colourant. The fact that the colour did not fade with increasing temperatures (although it 
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became darker as the temperature increased) seemed promising and not repudiated by 

the occurrences of surface cracks that were observed at extreme temperatures (100°C), 

as such extremity rarely occurred in nature. This generates new possibilities for 

anthocyanin-derived dyes to be used as natural colourant or environmental-friendly 

paint, or to be employed for production of natural dye-sensitized solar cells, as reported 

for Lawsonia inermis (Aduloju et al., 2011), blueberries (Vaccinium corymbosum) and 

bougainvillea (Bougainviillea glabra) (Chang et al., 2011). 

 

Agapanthus praecox plants are gaining popularity in Malaysia and around the 

world as ornamentals or for landscaping, although they were originally used for 

medicinal purposes, as done by various tribes in South Africa. Conventionally, the 

plants of this species would need 3 to 8 weeks when germinated through seeds. 

However, as depicted by the findings of this thesis, germination time of this species had 

been greatly reduced through in vitro culture of this species, whereby it had been found 

that A. praecox bulb explants managed to regenerate into whole plantlets as early as 4 

weeks.  

 

Experimental research that had been accomplished in this thesis such as in vitro 

micropropagation, callus and somatic embryogenesis induction, acclimatization of 

Agapanthus plantlets to natural environment, cellular behaviour of meristematic cells of 

in vivo and in vitro A. praecox plantlets as well as manipulation of the coloured 

pigments of A. praecox for production of natural colourant had revealed new 

information and essential knowledge that can be applied to other biotechnological fields. 

For example, the knowledge gained from this thesis might be of relevance for 

production of new transgenic lines of this species such as through protoplast culture or 

Agrobacterium-mediated gene transfers via callus cultures. Knowledge gained from 
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cellular behaviour of this species in vivo and in vitro can be applied to determine the 

genetic stability of the clonal plants produced in vitro, therefore serving as key 

fundamental platform for further biotechnological research such as epigenetics and and 

molecular biology. The findings of this thesis would also be utilized in future work, such 

as in production of artificial (synthetic) seeds and protoplast culture of this species. 
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CHAPTER 10 

CONCLUSION 

 

 Agapanthus praecox ssp. minimus was proven to be highly regenerative when 

cultured in vitro, where it was found that bulb explants were the most responsive 

explant type for efficient direct regeneration of Agapanthus praecox ssp. minimus. The 

use of other explant types such as leaves and roots of this species yielded indirect 

regeneration through induction of callus and somatic embryogenesis. In vitro 

propagation of A. praecox ssp. minimus was highly influenced by many factors such as 

type of explants used, effects of plant growth regulators or plant hormones, culture 

conditions (light, temperature, humidity and et cetera) and many more. 

Micropropagation of A. praecox ssp. minimus was best achieved when bulb explants 

were cultured on 2.0 mg/L IBA and 2.0 mg/L Kinetin with mean number of shoots per 

explant of 4.50 ± 0.38, where 90.00 ± 5.57 % of the explant (bulb) samples had 

produced shoots. Production of roots was best achieved through addition of 1.0 mg/L 

IBA and 1.0 mg/L Kinetin, with mean number of roots per explant of 4.47 ± 0.30. 

 

 Production of callus was successfully achieved from all explant types used, 

subject to the different types of plant growth regulators being used. Root explants were 

the most responsive, where all plant hormones being studied managed to induce callus 

production for root explants. Induction of callus from bulb explants of A. praecox ssp. 

minimus was only achieved when the explants were cultured on MS media 

supplemented with 2,4-D, where callus growth was proportional to the concentrations of 

2,4-D being used. The best hormone that produced the highest dry weight of callus from 

leaf explants was 2.0 mg/L PIC, while the best hormone for production of callus from 
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root explants was 2.0 mg/L 2,4-D, with dry weight of callus of 0.410 ± 0.003 g and 

0.600 ± 0.002 g respectively. 

 

 Somatic embryogenesis had been successfully achieved in A. praecox ssp. 

minimus and the somatic embryogenic developmental stages such as globular, scutellar 

and coleoptilar phases were clearly observed. Embryogenic callus was distinguished 

from non-embryogenic callus through double staining method. Roots were the most 

responsive explants for induction of somatic embryogenesis, where 52.38% from a total 

of 21 hormone combinations being studied had yielded somatic embryogenic callus. 

Embryogenic callus was also formed on leaf explants of A. praecox ssp. minimus from 

cultures supplemented with plant hormones except TDZ and Picloram (when the 

cultures were maintained in the dark). Transfer of somatic embryos onto plant growth 

regulator-free MS medium yielded regeneration of complete plantlets. 

 

 All in vitro grown A. praecox ssp. minimus plantlets produced from previous 

experiments were acclimatized to ensure further growth of the plantlets. Adaptation 

process of the in vitro plantlets when transferred ex vitro went well, with very high 

survival rates when the plantlets were acclimatized on 1:1 combination of red soil and 

black soil. However, growth of the acclimatized plantlets differed depending on the 

regeneration pathways of the in vitro plants, where it was found that plantlets from seed 

culture grew exceedingly well compared to plantlets derived from somatic embryos. It 

was also found that initial morphological features of the in vitro plantlets prior to 

acclimatization had a big influence on the growth and survival of the plantlets. 

Macromorphology and micromorplogy studies (via SEM) revealed no obvious 

abnormalities, therefore implying that no occurrence of somaclonal variation was 

detected. 
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 Cellular behaviour analysis of in vivo and in vitro grown A. praecox ssp. 

minimus was also carried out to attest to previous findings (based on the morphological 

characters of both in vivo and in vitro plants) that implied no detection of somaclonal 

variation among the regenerants. The chromosomal number of A. praecox ssp. minimus 

was observed to be constant (30) in all samples, despite the addition of hormones to the 

growth media. However, the size of the nucleus and meristematic cells were found to be 

decreasing when brought in vitro and with prolonged culture time. Similar observations 

were noted for ploidy levels of A. praecox ssp. minimus, where prolonged culture time 

was found to cause the existence of ployploid cells. 

 

 The beautiful violet-blue colour of the flower petals of A. praecox ssp. minimus 

was also exploited for production of natural colourant. The identity of the coloured 

pigment was successfully determined through pH variation tests and verified via UV-

visible spectrophotometry. The coloured pigment was identified as anthocyanin [6”’-O-

(Delphinidin 3-O-(6”-O-p-coumaroyl-glucoside) 7-O-glucosyl)) (6””-O-(kaempferol 3-

O-glucoside, 7-O-xyloside, 4’-O-glucosyl))succinate ((6”’-O-(Delphinidin 3-O-(6”-O-

p-coumaroyl-glucoside) 7-O-glucosyl)) (6””-O-(kaempferol 3,7-di-O-glucoside, 4’-O-

glucosyl))] and was further manipulated for production of natural colourant by mixing 

the extract with PMMA resin (1:1 ratio of extract : resin). The durability of the 

produced colourant had been verified by means of weathering tests. Heating tests 

revealed that the colour of the coating did not fade with increasing temperatures, 

although the colour of the coated surface became darker at high temperatures. The 

surface of the coated surface was observed to be even and shiny upon application of the 

produced colourant and no surface cracks were observed with increasing temperatures 

except with extreme heat (at 100 °C), which rarely occurred in nature. 
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 The findings of this thesis can be applied in other biotechnological areas such as 

for horticulture and floriculture. Besides that, the cytological findings obtained in this 

thesis can provide fundamental information to be applied in further research on genetic 

stability of clonal regenerants, such as in epigenetics research or for karyotyping 

purposes. 
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APPENDIX I 

Formulations of MS media (Murashige and Skoog, 1962) 

Components Details Content 

MgSO4.7H20 370 mg/L 

KH2PO4 170 mg/L 

KNO3 1900 mg/L 

NH4NO3 1650 mg/L 

Macronutrient 

CaCl2.2H2O 440 mg/L 

H3BO3 6.2 mg/L 

MNSO4.H2O 15.6 mg/L 

ZnSO4.7H2O 8.6 mg/L 

NaMoO4.2H2O 0.25 mg/L 

CuSO4.5H2O 0.025 mg/L 

CoCl.6H2O 0.025 mg/L 

Micronutrient 

KI 0.83 mg/L 

FeSO4.7H2O 27.8 mg/L 
Iron 

Na2EDTA 37.3 mg/L 

Thiamine HCl 0.5 mg/L 

Pyridoxine HCl 0.5 mg/L 

Nicotinic acid 0.05 mg/L 
Vitamin 

Myo-inositol 100 mg/L 

Sugar  30 g/L 

Agar  8 g/L 

pH  pH 5.8 
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APPENDIX II 

Formulations of SO2 water 

Components Content 

10% potassium metabisulphite 5 ml 

1N HCl 5 ml 

Distilled water 100 ml 

* must be freshly prepared before use 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  224 

APPENDIX III 

Formulations of cytological fixing fluids 

1. Farmer’s Fluid (Farmer’s 3:1) 

Components Content 

Absolute ethanol 75 ml 

Glacial acetic acid 25 ml 

* must be freshly prepared before use 
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