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THE LORD is my sheperd, I shall not be in want. He makes me lie in green 
pastures, He leads me quiet waters. 
He restores my soul; 
He guides me in paths of righteousness 
for His name's sake. 
Even though I walk 
through the valley of the shadow of death, 
I will fear no evil, 
for You are with me; 
Your rod and staff, 
they comfort me. 
You prepare a table before me 
in the presence of my enemies. 
You anoint my head with oil; 
My cup overflows. 
Surely goodness and love will follow me 
all the day of my life, 
and I will dwell in the house of the LORD forever. (PSALM 23: 1-6) 
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ABSTRACT 

Standard protocols for potato plantlet multiplication from nodal explants and 
for subsequent microtuberization were established. Liquid Murashige and 
Skoog (1962) basal media containing 3% (w/v) or 8% (w/v) sucrose without 
any exogenous plant growth regulators were used for plantlet multiplication 
or microtuberization respectively. More than 20 variations to the standard 
protocols, either during the plantlet multiplication step or the 
microtuberization step were investigated in relation to plantlet growth, 
microtuber number, average fresh microtuber weight and microtuber weight 
distribution. The responses of two potato cultivars ('Iwa' and 'Daeji') were 
compared. Time courses of some major changes in the media were also 
studied. 
Initially, it was found that sucrose disappearance from the standard 
microtuberization medium, microtuber initiation, development and cessation 
of further growth, invertase activity development in the medium, osmotic 
potential changes and pH changes in the medium appeared to be correlative 
events. However, the data from the different experiments in this study 
indicate that most of these changes are associated with the 8% sucrose 
medium but are not strictly related to microtuberization. 
Among the 21 variations to the standard protocols, whether during plantlet 
multiplication or during in vitro tuberization, medium replacement was most 
effective in inducing the formation of bigger and more microtubers. 

In the course of this study, it was observed that at the end of the plantlet 
multiplication step the root had turned green. Even more interesting is that 
some of these green roots remained green after 10 weeks in darkness for the 
microtuberization step. A small-scale ultrastructural study confirms the 
occurrence of chloroplasts in the green roots during plantlet growth and also 
at the end of the microtuberization step in the dark. 
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I. Literature Review, Aim and Scope of this Research 

1. POTATO 

The potato (Solanum tuberosum L.) belongs to the family Solanaceae. It is assumed that 

tuber-bearing Solanum species were first domesticated and eaten by man in the region of 

lake Titicaca in South America approximately 8,000 years ago (Hawkes 1978). The 

multitude of remote highland settlements in the vast Andean Cordillera, which stretches 

from Chile in the south to Venezuela in the north, provided numerous sites for selection 

and preservation of unique cultivated forms of potato. South Americans called the potato 

"batata", whereas Spaniards later called it ''patata ", from which the English name, potato 

probably originated. The Spanish were the first Europeans to discover this tuber crop when 

they invaded the Inca Empire in 1535. Around 1570 the crop was introduced to Spain and 

then to Ireland in 1590 (Bronk 1975). More than a century passed after these initial 

introductions to Europe before reports of widespread use of potato as food began to 

appear. Later, immigrants from Scotland and Ireland to the American colonies were the 

main conduits for potato introductions to North America. 

1.1 Production of Potato 

Potato is an annual crop plant, about 30-1 OOcm taltand vegetatively propagated through 

tubers. The tuber bears the buds, commonly known as "eyes", which sprout on 

germination and grow into plants. 

The tubers, the size of which differs with age and cultivar, are grown in fields in ridges to 

maintain developing tubers undersoil. The tubers start developing when the plant flowers, 

and their formation ceases when fruit formation begins. 

The potato as one ofthe most valuable food crops is grown in more countries than any 

other crops except maize. Production volume of it ranks fourth in the world after rice, 

wheat, and maize. Potatoes accumulate the highest amount of energy per hectare per day 

during vegetative period, after sugarbeets, in tropical and subtropical countries. The potato 

tuber contains by weight, around 75-80% water, 16-20% carbohydrates, 2.5-3.2% crude 

protein, 1.2-2.2% protein, 0.8-1.2% minerals, 0.1-0.2% crude fat, 0.6% crude fiber, 

essential vitamins and trace elements (Singh and Verma 1979, Hooker 1983). 



For human consumption, potatoes are used in fresh or in processed forms. Processing of 

potatoes for human consumption, already a major industry in the United States, is 

expected to continue expanding in both North America and Western Europe. 
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The potato is of highland origin, and in this traditional environment farmers generally 

cultivate no more than 1-2 ha in a number of distinct parcels of land, forming part of 

complex multiple cropping systems. Recently potato production in developing countries 

has spread gradually out of the traditional cultivation practice into commercially oriented 

large-scale farming. Intensive horticultural systems are more common where land is scarce 

and potatoes are expensive. In most areas, returns to potato growers are high on the 

average but highly variable. For this reason, few farmers specialize in potato production, 

and those who do tend to be large, financially well-off producers. 

Seed tubers available to most developing-country farmers are costly and poor in quality. 

For these reasons, improvements in seed-tuber systems are needed to increase yields and 

reduce unit costs of production. 

Research on true potato seed is also being conducted in developing countries. Early results 

indicate numerous potential applications in seed programs as well as directly by farmers 

growing table potatoes. 

A wide range of techniques, including tissue culture and in vitro rapid multiplication, are 

currently being adopted to clean, maintain, and reproduce basic stocks for later 

multiplication and use by farmers. National programs are also experimenting with new 

institutional models for producing and distributing high-quality planting materials to 

farmers. 

1.2. Diseases of potato 

Different pathogens such as fungal, bacterial, viral, nematode, and abiotic diseases, affect 

different parts of the potato plant. Many have their origin in the preharvest period, but 

have effect on tubers before or after harvest. One serious disease in potato is the late blight 

caused by the fungus, Phytophthora infestans, which also caused the historic famine of 

1845-1849 in Ireland. Similarly, many viral and wilt diseases are also common. 

Knowledge of the occurrence and intensity of diseases and pests and the damage caused by 



these is essential in order to take up preventive measures, and to develop disease-resistant 

variant methods. The motivating factor for potato improvement continues to be the 

development of late blight resistant cultivars. 

1.3. Seed potato system 

The conventional breeding of potato involves selection, crossing programs for 

recombination and mutation. Selection is limited to the variations detected so far. 

Moreover, it takes a long time to select new varieties and the efficiency of selection is 

limited. Starting with 100,000 seedlings it would take 6-8 years to obtain a better variety 

(Wenzel 1980). 
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Potato is propagated by tubers to preserve the parental properties and also because the seed 

setting is usually very poor. Even while propagating by tubers, sometimes variants appear 

which are called "bud sports". Many variants do arise due to such vegetative mutations; 

the frequency of which is rather low. Mutations have been induced in potatoes by X-rays, 

UV and by chemical mutagens (Broertjes and Harten 1978). Practically all mutation work 

has been done using tetraploid cultivars and performed on tubers. Mutants have been 

obtained with success with regard to size, shape or colour of the tubers or leaves. 

Mutations for earliness, increased resistance to different diseases and increased starch 

content of tubers have been reported (Solomko 1965). Similarly, day neutrality was 

induced in several cultivars by chemical mutagens (Upadhya et al. 1974). However, in 

many cases mutations reveal themselves as periclinal chimeras, and hence show 

pleiotropic effects. Breeding for disease resistance is also attempted using crosses with 

S. demissum, which is resistant to many races of potato blight. First resistant gene RJ and 

later R2 was transferred to potato, but it is still not possible to impart resistance to all races 

of pathogen (Nelson 1984). 

In order to make "normal" breeding methods possible, unconventional methods especially 

in vitro culture techniques, should be incorporated in potato-breeding schemes. One of the 

advantages would be to obtain "pure" monohaploid and dihaploid plants in large numbers 

by employing anther and pollen culture. These "haploid" plants can be diploidized again 

via the in vitro method to obtain homozygous lines, the availability of which would offer 



the possibility of conventional crosses, and production of hybrid seeds, thus enabling the 

conversion of potato from a tuber-propagated crop to a seed-propagated crop. This would 

also have the advantage of producing virus-free plants, as tubers could carry many viral 

diseases, but the cost associated with the true potato seed appears to be too expensive. 

2. Micropropagation 

Mass plant propagation by tissue culture techniques, a facet of plant biotechnology, has 

developed into an important industry with considerable potential for the future (Vasil & 

Vasi11986; Zimmerman et al. 1986). One of the key unresolved issues in mass 

propagation remains the high cost of producing plants from tissue culture. 
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Two important discoveries in the 1950s and early 1960s contributed to the development of 

modern methods for rapid mass propagation of plants in vitro or micropropagation. The 

first watershed was a report by Morel and Martin (1952) demonstrating that dahlia plants 

obtained from cultured shoot meristems were virus-free. This discovery led to the 

widespread culture of orchid meristems for plant propagation (Morel 1965; Morel 1960). 

The discovery of the role of cytokinins in shoot morphogenesis (Skoog & Miller 1957) 

was the second turning point. Today, most of the plant tissue culture propagation industry 

is based on culturing isolated shoot buds in media containing cytokinins. These plant 

hormones stimulate the development of multiple axillary buds by inhibiting apical 

dominance. Workers separate the newly formed buds by hand and reculture them to 

produce more buds. Eventually, buds are allowed to grow into shoots, which are then 

rooted in auxin-containing media to produce plants. Since each new plant arises from an 

organized meristem, the genetic fidelity of the variety is largely maintained. 

This method has been used effectively to propagate a large number of herbaceous 

ornamentals, plus a few vegetables, fruits, and tree species. The entire process, however, 

is extremely labour-intensive and costly. It is impractical for large-volume, low-cost crops 

(potato, tomato, celery), or for plantation crops (rubber, coffee, tea, oilnut palm), and 

forest species. 
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2.1. In vitro potato culture techniques 

2.1.1. Meristem, shoot-tip, and nodal segment cultures 

Meristem and shoot tip cultures in general have been reviewed in detail by many 

researchers (Hu and Wang 1983; Kartha 1981; Quak 1979). Economical and technical 

aspects of in vitro tissue culture techniques have been widely reviewed (Levin and Vasil 

1989). According to the article, tissue culture techniques would be economically feasible 

to get better quality of crop propagules such as potato, cassava, garlic, lilies, strawberries, 

carnation, pelargonium, gerbera, etc., which are susceptible to virus and other pathogens. 

Attempts have been made to increase the efficiency of the biological processes and to 

reduce the costs associated with the use of controlled environments for the growth and 

multiplication of cultures, and the acclimatization of plantlets in the greenhouse 

environment. In vitro meristem culture in potato is an established possible method of 

eliminating viruses (Bajaj and Sopory 1986; Wang and Hu 1985; Mellor and Stace-Smith 

1977). In vitro meristem culture, sometimes combined with temperature or antiviral 

chemical treatments, is the only effective method to date that eliminates viral infections 

from systemically infected potato cultivars without inducing genetic changes (Wang and 

Hu 1980). Cultured meristem is also the preferred material for cryopreservation of 

germplasms (Kartha 1981, 1982). In vitro shoot tip.and nodal segment culture of disease

tested potato material provides a rapid rate of clonal multiplication. With the aid of 

antiviral chemicals, shoot-tip culture is also capable of eradicating viral infections (Jordan 

et al. 1983). Unlike plantlet regeneration from callus culture, the meristem, shoot-tip, and 

nodal segment cultures provided genetic stability in the regenerated plantlets. According to 

Denton et al. (1977), potato plants regenerated from shoot-tip culture showed no 

differences in biochemical characters compared to the control plants. Meristem tip 

propagation was used by Wright (1983) to develop two or three virus-free clones of 10 

cultivars. Field trials with these clones, which extended over 4 years, showed no consistent 

differences in yield or specific gravity of tubers among the clones of any of the 10 

cultivars. Copeland (1982) compared potato nodal cuttings, consisting of a leaf attached 

to a piece of stem, with the traditional way of planting a seed tuber which gives a 6 to 10 

fold annual multiplication rate, and it was suggested that thousands of plants may be 



produced over winter from one tuber by micropropagating plantlets under controlled 

laboratory conditions. Nodal cuttings were kept at 25°C under fluorescent lights for 16 

hours each day. Nodal cuttings, which grew quickly and in 3 weeks had reached 5 cm in 

height, were ready by this time, for sub-division producing 3 to 4 more cuttings. Thus, 

similar results were obtained that the number of plants multiplied 3 to 4 fold using 10 

varieties in every three weeks. 

2.1.2. In vitro potato mass propagation 
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The importation of high cost certified seed tubers could become a major constraint to 

potato production. For example importation of certified seed tubers accounts for 40 to 50% 

ofthe total production costs of a potato crop in Indonesia (Wattimena 1983). In other 

countries such costs may reach 60% or more (Sawyer 1979). To overcome this problem, 

tropical or subtropical countries have to look for alternative methods of potato propagation 

that can be practiced locally and yet remain free of disease. 

Micropropagation can be used to bulk up materials (1) after germplasm storage, (2) 

obtained from breeding-selection program, (3) generated by genetic engineering, or (4) for 

international quarantine-free distribution of propagated materials. Large-scale tests have 

been carried out to use in vitro-produced plantlets as the propagules of main crops 

(Wattimena et al. 1983). The Plant Resources Institute (Salt Lake City, Utah) has been 

testing commercial propagation of potatoes through tissue culture since 1980. They put 10 

varieties encompassing 100 lines through the tissue culture system (Upham 1982). Six 

different micropropagation methods developed by various researchers for rapid in vitro 

cloning of potatoes have been described and compared (Goodwin 1982). 

Micropropagated certified stock of potatoes can be transferred to the field in the form of 

rooted plantlets, in vitro produced microtubers, or ex vitro produced minitubers (produced 

from in vitro derived plantlets). Stem cuttings from in vitro produced plantlets are also 

used. Micropropagated seed stocks are reported to increase yield by 10-38% and show 

great uniformity (Jones 1988). Seed potato tubers production by micropropagation is 

expected to continue offering commercial opportunities in the following areas (Addy 

1988): (1) Continued development of efficient micropropagation production systems that 
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in tum yield larger volumes of green house generated minitubers. This could reduce the 

field generation number necessary to supply commercial seed from indexed nuclear stock. 

(2) Rapid introduction of new cultivars through large volume micropropagation / green 

house production systems. (3) Automated micropropagated systems that could increase the 

volume and decrease the unit cost possibly with the implementation of robotics in these 

systems. (4) Development of proprietary cultivars with rapid availability through efficient 

propagation systems. 

2.1.2.1. Multimeristem culture for micropropagation 

The culture method was developed at the International Potato Center in Lima, Peru (Roca 

et al. 1978). Rapid bud proliferation from excised shoot tips was enhanced by shake 

culture. Both axillary buds and adventitious buds were developed from the shoot tip 

explants and formed a multimeristem mass. The resulting shoots in tum were used to 

regenerate complete plantlets by nodal selection cultures. This is the most broadly tested 

(on 38 cultivars) of the potato micropropagation methods. Although callus-derived 

adventitious shoots were involved, no genetic changes were detected, using both 

biochemical and morphological criteria. 

2.1.2.2. In vitro shoot layering 

Shoot layering culture method was reported by Wang (1977) at the Academia Sinica, 

Taipei, Taiwan. Through repeated layering and subculturing of a single shoot, 

approximately 2,517 plantlets can be produced in 1 year. Large quantities of rooted shoots 

of several cultivars are thus produced annually, to be utilized as part ofthe process of 

virus-free potato production distributed to growers in Taiwan. Although growth regulator

free MS medium (Murashige and Skoog 1962) has been used satisfactorily in supporting 

repeated subculturing and development of nodal explants (Hussey and Stacey 1981), 

Wang (1977) found that the multiplication potential of axillary buds declined after 7 to 10 

subcultures when no auxin was added. This loss in regeneration competence could be 

completely eliminated by enriching the medium with O.005~M NAA. Both 

micropropagation methods described above included approximately this amount ofNAA 



8 

in the multiplication medium. It was reported that after 56 days under an inductive 

environment the microtuber weight from layered shoots was 3-5 times greater than for 

nodal cuttings (Leclerc et al. 1994). Increased microtuber fresh weight from layered shoots 

compared with nodal cuttings may be due to increased production of endogenous growth 

regulators and gradients of these growth regulators. In addition, the increased leaf surface 

area available for the perception of the photoperiodic stimuli and surface area in contact 

with the medium may have contributed to the increased microtuber production. Favouring 

vegetative growth of stolon segments and shoots prior to microtuber induction has been 

reported to increase microtuber fresh weight (Chapman 1955; Garner and Blake 1989). 

They suggested that greater microtuber yield can be achieved by increased vegetative area 

of cultures prior to microtuber induction. 

3. Development of in vitro potato microtuberization 

Transplanting of tender vegetative plantlets from in vitro conditions to an external 

environment is rather laborious and has a high failure rate unless proper hardening 

procedures have been followed. On the other hand, dormant tubers could be harvested 

from in vitro conditions, stored, shipped, and planted rather conveniently (Roca et al. 

1979; Ranalli et al. 1994a,b). Thus, it became advantageous to develop an in vitro mass 

tuberization method for potato propagation. 

Many researchers have described techniques for mass propagation of microtubers (Estrada 

et al. 1986; Chandra et al. 1988) and its potential use for seed tuber production (Wang and 

Hu 1982; Wattimena et al. 1983). While microtubers generally originate as aerial 

structures on the stem, occasionally a few microtubers may be formed in the medium 

(Hussey and Stacey 1981, 1984). Akita and Takayama (1988a, b) reported a scale-up 

culture using jar fermentor techniques consisting of a 2 step culture by a method similar to 

the liquid shaken culture method reported by Estrada et al. (1986). Akita and Takayama 

(1988a, b) suggested the culture efficiency can be improved by multiplication of the shoots 

in the aerial phase and tuberization might be stimulated in the medium phase followed by 

continuous submersion of shoots. Akita and Takayama (1994b) reported shoots were 

cultured under the semi-continuous medium in which the medium surface level was raised 



or lowered throughout the culture period. Tubers were induced and developed in every 

area in this jar fennentor system. 

Akita and Takayama (1994a) first reported that potato microtubers can be propagated 

efficiently using an ebb-and-flow-type bioreactor (EFBR) system. Then Hulsher et al. 

(1996) reported that 1,600-1,700 potato tubers could be produced by using an EFBR 

system with a 10-liter culture vessel in 18 weeks (8 weeks for shoot multiplication and 10 

weeks for tuber production). A similar type of culture system in which a slow rotating 

cylinder was employed has been used for mass propagation of potato microtubers. 

Microtubers were used as inoculants and multiplied further through induction of the 

microtuber shoot complex (Joyce and McCown 1991; McCown and Joyce 1991). 
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An in vitro mass tuberization procedure which was reported at the fourth International 

Congress of Plant Tissue Culture, has been used in seed potato production in Taiwan since 

1975 (Wang 1978). Almost all the experiments carried out prior to 1978 involved only one 

to a few excised stolons cultured in each vessel for tuber initiation studies rather than the 

production of in vitro tubers in large quantity. Microtuberization was adopted at the 

International Potato Center (CIP) for gennplasm storage and international distribution. 

CIP's international gennplasm distribution plans for large volumes of potato were to 

gradually replace in vitro plantlets with in vitro-produced microtubers. The in vitro mass 

tuberization procedure was also adopted by McCown and co-workers at the University of 

Wisconsin in developing a complementary method of clonal propagation for commercial 

field planting (Wattimena et al. 1983). Improvements in the microtuber production method 

are still required since most current systems have problems obtaining sufficiently large 

microtubers for field planting (Ranalli et al. 1994) and a honnone-free medium is also 

desirable to avoid off-types in the progeny of microtubers as a result of culture-induced 

genetic variants. 

3.1. Use of in vitro tubers 

In vitro-derived storage organs are superior to shoots for micropropagation because they 

are easily acclimatized, stored and transferred. Easy storage and transport of the storage 

organs is also considerably advantageous in commercial production. On the other hand, 
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the efficiency of multiplication of storage organs is quite low compared with the 

propagation of shoots. As storage organs are induced from buds developed on shoots by 

modifYing the physiological conditions, prolonged cultivation is usually required for the 

production of storage organs compared to the multiplication of shoots. In addition, only 

small numbers of buds usually develop into storage organs. So, applications of new 

techniques are now required to overcome the low propagation efficiency of storage organs. 

The practical use of in vitro tubers was realized in the early eighties with a view to 

producing disease-free seed potatoes for seed certification programs. In vitro tubers were 

used for international exchange of germplasm especially to those countries where the 

expertise for handling in vitro plantlets was not available. In vitro tubers were used to aid 

transport of germplasm under adverse conditions such as continuous darkness and variable 

temperatures, and as materials for medium-term conservation of potato germplasm. The 

use of in vitro tubers has been reported in China, Taiwan, Korea and Australia in the 

applied aspect of production of virus free potato seed. 

Sluis and Rivera (1984) have reported that the in vitro tubers can be taken to the field as a 

source of disease-free seed stock. 

In a seed potato production scheme in Taiwan 36,300 in vitro tubers could be produced in 

a period of four months in an area of 10 m2
, where 1,210 culture flasks of 500ml capacity 

were accommodated on the bench in the culture room (Wang and Hu 1982). These 36,000 

"tuberlets", after three successive field multiplications under disease-free conditions, 

produced 1 ,800 kg of seed potatoes which was sufficient for supplying seed potatoes for 

2,000 hectares of land on a schedule of one third rotation per year. The yield from these 

virus-free clones was 26% higher than that of the fanner seed stocks. These are a few 

examples of application of this technology. 

At the International Potato Center, Lima, Peru, this technique is being used for the 

international distribution of potato germplasm after pathogen indexing to different 

countries of the world. It is also being studied as an option for germplasm storage in vitro 

(Schilde et al. 1982; Estrada et al. 1986). Thime & Pert (1982) have reported the same use 

of in vitro tubers. 

Many countries are using this technology in their potato production programs. The basic 



techniques are already available in the literature and with a few modifications can be 

applied in many countries. Studies are underway in many laboratories to induce the 

maximum number of tubers per culture vessel and to increase mean tuber size. There are 

studies in Israel to attempt even mechanized production and harvest of in vitro tubers. 

3.2. Factors affecting in vitro potato microtuberization 
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Barker (1953), who used etiolated sprouts to induce microtubers published the first report 

of in vitro tuberization by tissue culture methods in White's medium containing 80g/l 

sucrose. A similar and more extensive study had also been completed independently but 

concurrently (Mes and Mengo 1954). In a subsequent study, it was clearly demonstrated 

that microtubers would form from stolons that were free of bacteria and fungi (Barker and 

Page 1954). 

Different aspects of in vitro tuberization have been studied. In vitro tuberization of potato 

has been studied by numerous workers (Wang and Hu 1982; Estrada wt al. 1986). Work 

on microtuberization in potato has mainly focused on the use of growth regulators (palmer 

and Smith 1969; Wang and Hu 1982; Estrada et a/1986; Vecchio et al. 1994; Gopal et al. 

1997; Gopal et al. 1998). It is well established that tuber formation in potato is regulated 

by carbohydrate and phytohormone fluxes (Ewing and Struik 1992; Vreugdenhil and 

helder 1992; Ewing 1995), and there is considerable variation in the results of these 

studies (i.e. the response obtained depended upon a range of factors including sucrose 

concentration, temperature, photoperiod, light intensity, and cultivar) (Hussey and Stacey 

1984; Ortiz-Montiel and Losoya-Saldana 1987; Gamer and Blake 1989). Gopal (1996) 

reported a faster rate of microtuberization and an earlier senescence of plantlets cultured 

under continuous darkness, the faster rate may have resulted in fewer eyes in microtubers. 

Then Gopal et al. (1997) described how the number of eyes affected performance for most 

characters, including tuber yield in a crop raised from microtubers under short days of low 

light intensity. Gopal et al. (1998) reported that short photoperiod (10 h of 6 -12 

I-lmoVm2/s) and low temperature (day 20°C and night 18 °C) treatments had shown both 

higher yields than long day and (16h of 38 - 50 /lmol/m2 Is) high temperature (day 28°C 

and night 25 °C) treatments in 22 genotypes. Under short-day and low temperature 
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conditions the addition of BA increased microtuber yield and average microtuber weight. 

They also observed microtubers produced in the dark had a significantly lower number of 

eyes than those produced in light. 

Since then the use of growth regulating materials to favor microtuberization has been the 

object of intensive investigation (Watimena 1983; Wang and Hu 1985; Chandra et al. 

1988). However, growth regulators failed to induce tuberization when the sucrose supply 

was inadequate (Harmey et al. 1966). Sucrose appears to be the only carbon compound 

necessary for induction ofmicrotuberization (Gregory 1956; Ewing 1985, 1990). Looking 

at the literature published so far it is evident that the physiological reactions of in vitro 

plantlets differ considerably from those of in situ plants, and also differ in many aspects 

from those of in vivo plants. Unexpectedly, conditions for in vitro tuberization, determined 

through numerous experiments, frequently do not coincide with in situ conditions. There 

are discrepancies among different pUblications as to which are the optimal levels for each 

of the factors involved. 

The different factors included growth inhibitors and retardants (coumarin, ABA, CCC), 

growth promoters and regulators (cytokinins, auxins, ethylene), carbon source (sucrose, 

glucose, mannose) and growth conditions (temperature, photoperiod). But, a reliable 

production method involving a medium free of any growth regulating agents has also been 

reported (Garner and Blake 1989; Forti et al. 1991). 

3.2.1. Effect of phytohormonal growth inhibitors and growth retardants 

Compounds that inhibit vegetative growth frequently stimulate in vitro tuberization. Thus, 

many kinds of growth retardants and growth inhibitors have been used for in vitro 

tuberization studies. These compounds include ABA, CCC, MH, Alar, Amo-1681, and 

coumarIn. 

3.2.1.1. Coumarins 

Coumarins are naturally occurring aromatic compounds which are found in a wide variety 

of plant species (Shah 1945; Kosuge and Conn 1959). Coumarin and its derivatives are 

known to. have pronounced effects on physiological processes in both plants and animals. 



While coumarin is considered to be primarily a plant growth inhibiting compound, 

researchers have also shown that coumarin can be a growth stimulant comparable to 

indole-3-acetic acid (IAA); however, it is considered to have a very different mode of 

action (Neumann, 1959; Neuman, 1960). 
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F or the first time the effect of coumarin on in vitro tu berization of potato explants was 

reported in 1972 by Stallknecht. Different concentrations of coumarin were tried in the 

medium for tuber induction. In the medium used in this study no tuberization occurred at 

1.0 mg/l coumarin or in the control lacking coumarin. However, at a concentration of 10 

mg/l, 30% of the explants produced tubers. Coumarin at 25 to 50 mg/l was the optimum 

for the initiation of tubers. At 100 mg/l, the tuberization process was delayed, and the 

tubers were small compared to the treatments of 25 and 50 mg/I. Tubers formed in the 

coumarin-treated cultures were always larger in size than those grown in the medium with 

added kinetin (2.5 mg/l). Tuber initiation with kinetin treatment varied from 10 to 14 days, 

while the coumarin-treated shoots initiated tubers 2 to 3 days before. The time required for 

100% tuberization varied from 15 to 20 days. 

Stallknecht and Farnsworth (1982a) reported that high nitrogen, GA3, ABA, IAA and 

NAA reduced the effectiveness of coumarin for the in vitro tuberization. GA3 and high 

concentrations of nitrogen inhibit the uptake of coumarin by axillary shoots. The mode of 

action of these growth regulators on the inhibition of coumarin is not well known. The 

inhibitors of protein and nucleic acid synthesis i.e. chloramphenicol, para

fluorophenylalanine, actinomycin D and 5-fluorouracil were also evaluated for their 

effectiveness in inhibiting coumarin-induced tuberization. Chloramphenicol at 

concentrations from 25 to 100 mg/l almost completely inhibited tuberization. The amino 

acid analog para-fluorophenylalanine inhibited tuberization only at a concentration of 100 

llg/mI. Actinomycin D reduced tuberization from 70% to 10% with increasing 

concentrations from 1.0 to 10 Ilg/ml. It also inhibited root growth and tuber diameter. 5-

fluoroacil delayed tuberization at 1.0 and 5.0 Ilg/ml whereas at 10.0 Ilg/ml tuberization 

was reduced to 40%. However, it had no effect on any of the tuber characteristics 

(Stallknecht and Farnsworth 1982b). 

Palmer and Smith (1970) reported that the inhibitors of protein and nucleic acid synthesis 
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(ACTD, PFA, 2-TU, CHL, 5-FUDR) delayed in vitro tuber formation but failed to inhibit 

the tuberization process when used in the medium. 

3.2.1.2. Chlorocholine chloride (CCC) 

Chlorocholine chloride (2-chlorethyl or trimethyl ammonium chloride) commonly called 

CCC or cycocel is a commercial growth retardant used in many crops. Its effect is variable 

in potato and it has been mainly used to induce tuberization under in vivo and in vitro 

conditions. 

De Stecco and Tizio (1982) also studied the positive effect of CCC on in vitro tuberization 

of sprouts of potato cultured on basal medium without sucrose, while the controls did not 

tuberize at all. 

Research at the International Potato Center, Lima, Peru has shown that CCC can easily 

induce in vitro tuberization. When included in MS nutrient medium at a concentration of 

500 mg/l together with 5.0 mg/l BA and 8% sucrose, CCC is able to produce tubers in a 

broad range of genotypes in a period of 4 weeks (Schilde et al. 1982; Estrada et a/1986). 

The GA3-induced delay of in vitro tuberization can be overcome by the addition of CCC to 

the medium. Tizio and Goleniowski (1985) reported that CCC (1 x lO-IM) inhibits the 

synthesis and/or release of GA3-like substances from potato sprout sections cultured in 

vitro. This effect is closely linked with precocious tuberization ofthe explants. They 

further concluded that delayed root formation seems to be caused by a gibberellin or a 

complex of several gibberellins. 

3.2.1.3. Abscisic acid (ABA) 

Abscisic acid (ABA) is generally considered as a tuberization promoter, however, its role 

in tuber induction is a controversial matter. It appears that the role of ABA is primarily an 

indirect one and it acts by suppressing shoot growth, stimulating movement of 

carbohydrates to the tuber. ABA could playa role in cell and organ differentiation of 

tuberous roots by inhibiting root apical meristem activity and cell elongation (Melis and 

Van Staden, 1984). 

Koda and Okazawa (1983) reported that ABA in the medium increased the tuberization 



rate in combination with 2% sucrose. ABA, however, reduces or inhibits coumarin

induced tuberization (Stallknecht and Farnsworth, 1982a). 

The inhibitor-complex and its probable main component, abscisic acid (ABA) is not the 

hypothetical tuber initiation factor in potato shoot sections cultured in vitro, nor does it 

seem to participate in the hormonal mechanisms proposed (Tizio and Maneschi, 1973). 

However, BA suppressed the effect of ABA on tuber induction (Kim 1982). 
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The effects of ABA on potato tuberization have been investigated and ABA is normally 

regarded as a regulator that reduces GA-promoted processes in plant development. It was 

assumed that ABA is a promoting hormone in potato tuberization (Okazawa & Chapman 

1962; Marschener et al. 1984). However, the function of ABA with respect to stolon 

elongation, tuber initiation, and tuber growth is not clear. EI-Antably et al. (1967) 

observed a stimulation of tuber formation by ABA applied to the leaves of long-day

grown potato plants. Wareing and Jennings (1980) found that ABA can replace the effect 

of the leaf by promoting tuberization in induced cuttings. The promoting effect of 

exogenous ABA was also demonstrated by the increasing numbers of tubers (Abdullah & 

Ahmad 1980), the earlier initiation of tubers, and the formation of sessile tubers (Menzel 

1980). 

Inhibition oftuberization by ABA was also reported with the effect depending on 

concentration and variety (Palmer & Smith 1969b; Hussey & Stacey 1984). The analysis 

of endogenous ABA showed an increase of ABA level under tuber-inducing conditions 

(Krauss & Marschner 1982) and a reduction of ABA content when N was supplied during 

tuber formation (Marschner et al. 1984). Further studies are needed to clarify the 

conflicting data concerning the effect of ABA on tuberization. 

3.2.1.4. Effect of TIBA (2,3,5-triiodobenzoic acid) 

TIBA (2,3,5-triiodobenzoic acid) has been reported by Lawrence and Barker (1963) to 

retard tuber formation but fails to prevent it. Its effect was not overcome by addition of 

IAA. 



3.2.2. Effect of growth promotors 

3.2.2.1. Cytokinin 

16 

The endogenous concentrations of different cytokinins vary in different parts of the potato 

plant (Palmer and Smith 1969, 1970; Smith and Palmer 1970). Forsline and Langille 

(1925) have confirmed the presence of four compounds with cytokinin-like activities in 

the potato plant and reported that their concentrations changed in proportion to variation of 

environmental conditions such as day length and temperature which have regulatory 

effects on the tuberization process. Courduroux (1967) suggested that a specific tuber 

forming substance may be related to cytokinin but he could not demonstrate a requirement 

for cytokinins in tuber induction. 

Palmer and Smith (1969) reported for the first time that cytokinin is required in the 

tuberization of isolated stolons when cultured in vitro and showed an increase in the 

tuberization frequency on various cytokinin-containing media. 2.5mgll kinetin (a-

furfuryl amino-purine) was more effective for tuber induction than other cytokinins. 

Kinetin and SD 8339 [6-benzylamino-9-2 (tetrahydropyran-2-yl)-9H purine] at all 

concentrations (0.25, 2.5 and 25.0mg/l) and N6 benzyladenine (BA) at 0.25 and 2.5mg/l 

induced 80-100% tuber formation in 90 days, althollgh at 25 mg/l BA induced only 40% 

tuberization. No tuber initiation in cultures without cytokinin in the medium was observed. 

Their observation was supported by further investigations of exogenous cytokinins 

(Kumar & Wareing 1974; Hussey & Stacey 1984). The level of endogenous cytokinins 

was high in the induced tissue (Mauk & Langille 1978) and also during the later stage of 

tuber growth (Obata-Sasamoto & Suzuki 1979). However, exogenous cytokinins may also 

convert a stolon into a leaf-bearing shoot (Kumar & Wareing 1972). Smith and Palmer 

(1970) also reported that kinetin was effective in stimulating starch accumulation in 

excised potato stolons grown in vitro. 

Furthermore kinetin (1.6 x 10·2mM) induced 100% tuber formation when sucrose was 

present in the medium at 6 to 10%. However, sucrose without the presence of kinetin did 

not induce tuberization. Reduced temperature was partially inhibitory to the kinetin

induced response. A maximum of 50% tuber formation occurred on stolons incubated at 
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15°C for 30 days in the presence of kinetin only. The response to kinetin varied at 

different temperatures of incubation. Palmer and Barker (1972) also reported that kinetin 

at 2.01lg/ml induced tuberization at 18°C in darkness. In the presence of kinetin, the rate of 

shoot elongation declined substantially after 7 days, which coincided with the onset of 

tuber initiation. In contrast, GA3 treated, and control stolons continued to elongate 

throughout the period of incubation. Stallknecht (1972) reported that kinetin (2.5mg/l) 

supplemented to the medium induced smaller tubers than coumarin induced tubers. 

Mingo-Castel et al. (1976) reported that 5mg/1 kinetin in the medium induces in vitro 

tuberization after 30 days in culture with 94% efficiency compared to 61 % in the absence 

of kinetin. The sucrose concentration was 6% in both cases. Kim (1982) stated that 

2.5mgll BA in the medium induced tuberization, whereas, Wang and Hu (1982) reported 

that 10mg/1 BA in the medium with 8% sucrose induced in vitro tubers in total darkness 

giving an average of 30 to 35 tubers per flask of 500ml. 2.0 mg/l BA and 6% sucrose in 

the medium was found to be optimal for tuberization under short days (8 hours light). 

Zeatin did not stimulate in vitro tuberization even when its concentration was high (10-

5M). However, it induced an increase in fresh weight of tubers when combined with high 

sucrose concentration i.e. above 4% (Koda and Okazawa 1983). The use of 10 mgll BA, 

100 mg/l chlormequat or 1 mg/l Alar 85 (active constituent diminozide) in the medium 

stimulated tuber development in 10 varieties tested for in vitro tuberization (Kostrica et al. 

1985). 

3.2.2.2. 2,4-D 

Mangat et al. (1984) had reported the effect of 2,4-D on in vitro tuberization. After 15 

days, the percentage oftuberization was highest at the lower concentration of 2,4-D (i.e. 

10-7 and 1O-6M) in comparison to the control (no 2,4-D). Individual tuber size was greater 

in cultures without 2,4-D and at higher concentrations of2,4-D long stolons rather than 

tubers were observed. 

3.2.2.3. Gibberellins 

Gibberellins (GAs) are cyclic, diterpenoid hormones with an essential role in plant growth 
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and development. They control a variety of growth responses in higher plants, including 

stem elongation, fruit set, flower induction, seed germination, and mobilization of seed 

reserves (Hooley 1994; Swain & Olszewski 1996). Gibberellins are growth hormones that 

affect growth and dry matter distribution in the potato tubers and have been studied 

widely. Most investigators agreed that the application of gibberellins in different forms 

results in shoot growth (Menzel 1980). In potato (Solanum tuberosum), exogenous 

application of GAs has a strong inhibitory effect on tuberization (Okazawa 1960; Tizio 

1971). Harmey et al. (1966) had reported that GA3 inhibits in vitro tuberization while IAA 

and maleic hydrazide (MH) stimulates it. The application of gibberellin inhibitors also has 

the reverse effect on tuberization (Bodlaender 1964; Kumar and Wareing 1974). 

Bottini et al. (1981) reported that an increased level of endogenous GA3 was found in CCC 

treated plants and that GA3 delays tuberization in vitro. The sprouts cultured in a medium 

containing 1 ppm GA3 did not tuberize at all. On the contrary they formed thin and highly 

branched stoloniferous shoots which is a typical effect of this phytohormone. 

Gibberellins are known to prevent tuber formation, even when other conditions are tuber

inducing as in the presence of high sucrose being one of the inducing factors in the 

tuberization medium (Koda and Okazawa 1983; Vreugdenhil and Struik 1989). 

Tuber fOlmation in potato is promoted by short photoperiods, cool temperatures, and low 

rates of nitrogen fertilizer (Ewing 1990). GA activity was shown to decrease when leaves 

were exposed to short days (Pont-Lezica 1970; Kumar & Wareing 1974), with as few as 

two short days being sufficient to cause a decline in the GA activity of S. tuberosum subsp. 

andigena leaves (Railton & Wareing 1973). It was shown that changes in GA activity 

occurred not only in response to photoperiod, but also to the other environmental 

conditions that affect tuberization. (a) High temperatures increased GA activity in buds 

(Menzel 1983). (b) A continuous supply of nitrate in the hydroponic solution increased 

GA activity in shoots and prevented tuberization (Krauss & Marschner 1982). (c) A 

decrease in GAl level was observed when the stolon tips started to swell in in vitro

cultured single-node cuttings grown in a high-sucrose tuber-inducing medium (Xu et al. 

1998). Furthermore, tuberization was improved by the application of inhibitors of GA 

synthesis such as paclobutrizol or ancimydol (Menzel 1980; Hussey & Stacey 1984; 



Ewing 1995; Jackson & Prat 1996). 

3.2.3. Environmental and other factors 

3.2.3.1. Ethylene 

The role of ethylene on tuberization of potato has been a controversial issue. Some 

scientists believe it induces tuberization while others feel it inhibits the tuberization 

process. Bodlaender (1964) showed that the effect of ethrel depended very much on the 

concentrations tested. 
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The tuberization process involves inhibition of axial growth and increase in radial 

expansion ofthe tuber (Jolivet, 1959). Garcia-Torres and Gomez-Compo (1973) were the 

first scientists who studied the effects of ethrel on in vitro tuberization of etiolated potato 

sprouts, which was considerably advanced by a dose of 50 ppm ethrel. Ethrel also 

increased the number of tubers, produced shorter and thicker stolons and reduced root 

development. Some ofthese effects are opposite to those induced by gibberellic acid, 

which is known to retard tuberization and promote elongation. When both substances were 

simultaneously supplied to the medium they showed a clear antagonistic interaction. The 

effect was reduced stolon elongation, increased stolon thickness and reduced root 

development. 

Palmer and Barker (1973) published a contradictory report on the action of ethylene. The 

response of potato stolons, cultured in vitro, when ethylene was applied at 0.067,0.67 and 

67!!M was that no tuber formation resulted, as in the control. They also reported that 

ethylene influenced stolon growth but this may not be directly related to tuber initiation. 

3.2.3.2. Carbon dioxide 

Mingo-Castel et al. (1974) reported the findings that CO2 stimulated tuberization of 

isolated potato stolons cultured in vitro. The stimulatory effect of CO2 is inhibited by 

ethy lene, which is by itself also inhibitory to tuberization. There is an antagonistic action 

of CO2 and ethylene on tuberization in vitro but CO2 and kinetin that was required for 

tuberization were both inhibited by ethylene. CO2 could not overcome the ethylene 

inhibition. Ethylene totally prevented root formation and development, inhibited stolon 
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elongation, and caused thickening and diageotropic growth of the stolon. In addition, 

ethylene prevented the accumulation of both starch and red anthocyanin, which are often 

present in the tuber. Three to five days of exposure to CO2 were required to obtain 

induction oftuberization of stolons cultured in vitro. Bicarbonate ions did not alter starch 

synthetase activity isolated from potato tubers in vitro. Koda and Okazawa (1983) reported 

that gibberellin inhibited tuberization while the application of either ethrel, (2-chloroethyl 

phosphonic acid) or l-aminocyc1opropane-l-carboxylic acid caused diageotropic growth 

habit of the lateral shoot, but failed to induce tuberization at any of the concentrations 

tried. 

Hussey and Stacey (1984) found that the restriction of gas exchange inhibited tuberization 

under a wide range of conditions and that ethylene accumulation appeared to be the major 

factor in in vitro tuber initiation and growth inhibition. 

3.2.3.3. Nitrogen 

In general, a medium containing high nitrogen is inhibitory to in vitro tuberization, 

especially the coumarin-induced ones. Compounds containing reduced nitrogen also 

inhibit tuberization. Stallknecht and Farnsworth (1979) and Wattimena (1983) found that 

low nitrogen (2.5mM) in both the explant and the tuberization media was best for 

coumarin-induced tuberization. No tubers were formed ifhigh nitrogen (60mM) was 

present in both explant and media. The inhibitory effect of nitrogen can be partially 

relieved by using a high concentration of sucrose (Okazawa 1967). Stallknecht and 

Farnsworth (1979) found that the inhibition of coumarin-induced tuberization at 

intermediate levels of nitrogen could be overcome by adding 12% sucrose but not 6% 

sucrose. Cytokinin-induced tuberization was not sensitive to the inhibitory effect of a high 

nitrogen level in the medium. Whether reduction in nitrogen level in the medium will 

further improve cytokinin-induced in vitro tuberization rate has been tested (Palmer and 

Smith 1969; Wang and Hu 1982). 

3.2.3.4. Mineral ions 

The importance of the chemical environment in multiplication and microtuber induction in 
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vitro has been demonstrated for potato. Mineral composition as a chemical environment is 

an important component of tissue culture media. There are few reports on the effect of 

mineral nutrition during microtuberization. It has been shown that mineral nutrition 

together with nitrogen strongly influenced the development of potato microtubers in vitro 

(Sarkar and Naik 1998). It is, however, difficult to explain the differential effect of mineral 

nutrition in association with inorganic nitrogen on microtuberization. Processes associated 

with supplying minerals to plantlets in vitro have recently been investigated (Williams 

1992,1993, 1995). An extension of this work in the present thesis is to clarify the effects 

of minerals in microtuberization per se rather than in growth of plantlets. 

3.2.3.5. Activated charcoal in medium 

The presence of activated charcoal in nutrient media promotes cell and tissue culture by 

the adsorption of various inhibitory metabolites or other substances released during growth 

(Fridborg et al. 1978; Drew 1979). 

It was suggested that charcoal probably affects the nitrogen biochemistry and 

ammonium:nitrate ratio inside the plant, for it has been shown that nitrogen nutrition 

strongly influences the development of microtubers (Garner and Blake 1989). Also, the 

first stage in the sequence of anatomical events in tuber initiation is the change from 

longitudinal to radial cell enlargement (Booth 1963), followed by radial cell division 

(Plaisted 1957). The possibility that activated charcoal interacts in these stages cannot be 

ruled out. 

Bizarri et al. (1995) reported the effects of activated charcoal in hormone-free MS medium 

supplemented with sucrose (8%, w/v) compared to medium containing growth regulators 

(cytokinins, polyamine biosynthesis inhibitor and chlorocholine chloride) used for 

microtuber induction and development. The results showed that the cultivars exhibited a 

wide range of variations in the mean weight of microtubers, and nearly all plants produced 

tubers. Medium containing activated charcoal gave the highest rate of tuberization and the 

largest microtubers. Thus, they suggested that activated charcoal (0.2%, w/v) played a role 

in optimizing conditions for rapid, mass tuberization, and produced large microtubers for 

field planting. 



3.2.4. Effect of growth conditions 

3.2.4.1. Photoperiod and light quality 
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Light requirements for in vitro tuberization varied among different reports. Some used 

continuous light, or alternating light, others alternating light and darkness with continuous 

darkness. In general, at 20 to 25°C, darkness, or continuous low light intensity «500 Lux) 

is known as the most effective for in vitro tuberization. 

Barker (1953) for the first time described a comparison on induction of tubers in the dark 

and under continuous illumination. Lawrence and Barker (1963) found that their culture 

produced tubers only under continuous darkness or continuous darkness interrupted with a 

low light intensity. Wang and Hu (1982) reported that a low light intensity of 100 lux for 8 

hours is the optimum for in vitro tuberization. Schilde (1982) found that microtuber 

production was faster when plantlets were induced to tuberize in the dark rather than an 8-

h photoperiod. Stallknecht and Farnsworth (1982) also produced microtubers under 

darkness. Thieme and Pett (1982) observed in vitro tuberization when the photoperiod was 

less than 12 h. Sattelmacher and Marschner (1978) and Mares et al. (1981) selected a 12-h 

photoperiod to carry out their tuberization research. Hussey and Stacey (1981) observed 

that microtubers were formed in cultures incubated for 16- and 24-h photoperiods, but not 

an 8-hphotoperiod. Wattimena (1983) used 0,8,01',24 h of light per day and concluded 

that the longer the photoperiod, the better the tuberization. But almost all the 

experimenters induced tubers in the dark for their research (Claver 1956, 1967, 1977; 

Stallknecht 1972; Palmer and Smith 1969, 1970; Mingo-Castel et al. 1974,1976; Schilde 

et al. 1982, 1984; Estrada et al. 1986; Koda and Okazawa 1983; Mangat et al. 1984). 

Hussey and Stacey (1984) obtained results further supporting the general view that 

darkness is better for in vitro tuberization. 

An intensity of 800 lux was used by Hussey and Stacey (1981). A slightly lower intensity 

was used by Wattimena (1983). Wang and Hu (1982) used a very low intensity of 100 lux 

and found that 35.4 microtubers were produced in each culture flask at this intensity, 

compared to 27.3 and 13, at 1 and 4 kilolux respectively. The above discrepancies may 

have partially resulted from whether or not cytokinin was used in the culture medium by 

various workers. It seems that a longer photoperiod with higher light intensity is required 
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when cytokinin is not used. The reason for such a light requirement is still obscure. 

In 1959, Makronosov et al. showed that a night break of 20 min in the middle of a dark 

period of 14h inhibited tuber formation in Solanum tuberosum L. cv. Larch and in 

Solanum demissum. Much later, phytochrome involvement in this response was confirmed 

by showing reversibility of the inhibitory red light break effect by subsequent far-red 

irradiation (Batitus and Ewing 1982). Recently Solanum tuberosum ssp. Andigena 

expressing the potato P HYB cDNA displayed a typical response of photoperiodic 

regulation of tuber formation (Jackson et al. 1996). 

Wild species of Solanum, such as S. demissum or S. tuberosum ssp. Andigena, represent an 

ideal model for studies of photoperiodic control of both flowering and tuber formation. In 

long days (LD) they flower and in short days (SD) they form tubers (Konstantinova et al. 

1991). Phytohormones are one of the signals that could take part in transducing the effects 

of photoperiod on growth and morphogenesis, as was demonstrated in the case of tuber 

formation using night break as an experimental tool (Machackova et al. 1998). Plants 

grown under night break displayed many growth characteristics intermediate between SD 

and LD. Under LD and night break regimes ABA levels in all organs were about one

fourth of those under SD. An opposite trend was found for gibberellin content: it was very 

low in SD-grown plants and 4-10 times higher under both other conditions with the 

exception of roots and stolons in night break. The levels of free indoleacetic acid and 

cytokinin were high in LD- and night break-grown plants and much lower in SD-grown 

plants, including tubers. 

3.2.4.2. Temperature 

Palmer and Smith (1970) found that at a temperature of 15°C no tuber induction was 

achieved and at 35°C complete inhibition oftuberization occurred. Okazawa (1967) found 

that temperature below 12°C was strongly inhibitory. Temperature over 28°C became 

inhibitory. According to Hussey and Stacey (1981), the optimal temperature range was 20-

25°C with slightly faster tuberization at 20°C. However, Thieme and Pett (1982) obtained 

their in vitro tubers at 8 to 10°C, and Wattimena (1983) detected only slight reduction in 

tuber formation at lOOC compared to the optimal temperature of 15°C. Most workers 
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chose 20°C (Sattelmacher and Marschner 1978; Mares et al. 1981) or 25°C (Stallknecht 

and Farnsworth 1982; Mingo-Castel et al. 1974, 1976, 1976) for their in vitro tuberization 

studies. Neverthless the optimal temperature determined by Wattimena (1983) was 15°C. 

He suggested the reason for the low temperature becoming the tuber-inducing agent was 

that the high intensity of light might have resulted in a higher actual temperature inside the 

culture vessels. 

3.2.4.3. Carbon sources and osmotic control 

The carbon source in the medium is a very important factor for in vitro tuberization. 

Sucrose concentrations in the medium used vary from 2% to 12% in different reports. 

Gregory (1956), working with one-node stem pieces from induced and non-induced 

Kennebec potato plants, reported tubers from induced materials on 3% sucrose in a solid 

medium beginning after 4 days. The non-induced materials tuberized within 25 days on 3-

10% sucrose. Okazawa (1955) found no tubers from stem cuttings on solid media with 2-

4% sucrose. However, tubers formed when the level was raised to 6-10%. Gregory (1965) 

concluded that sugars are necessary as energy sources for enlarging tubers. He doubted 

that sugar is the direct determining factor for tuber initiation, a view shared by Lawrence 

and Barker (1963). Tuber formation is maximal at 8-12% sucrose (WN) on modified 

White's (1943) solid medium (WS) dropping off sharply at 16% (Lawrence and Barker 

1963). Palmer and Smith (1969) used only 2% sucrose in the medium and indicated that 

the cytokinin concentration affected in vitro tuberization even at low sucrose 

concentration. The same results were also reported by Palmer and Barker (1972), whereas 

Claver (1977) obtained tubers using 2% sucrose in the medium without any additives. 

Koda and Okazawa (1983) used 4% sucrose in the medium in combination with 

cytokinins. 

Mingo-Castel et al. (1976), Hussey and Stacey (1981, 1984), Palmer and Smith (1970) 

have used 6% sucrose in the medium but they also used kinetin. 

Other workers have used 8% sucrose in the medium (Wang & Hu 1982; Schilde et al. 

1984; Estrada et al. 1986) with growth regulators, particularly, kinetin or coumarin for in 

vitro tuberization while Lawrence and Barker (1963) used 8% sucrose alone in the 
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medium and obtained tubers. Fung et ai. (1972) reported that as the level of carbon source 

increases the in vitro tuberization process is speeded up. They state that the osmotic 

concentration of the medium is not the crucial factor for tuber initiation and growth, but 

have not speculated on a specific role for carbohydrate in tuberization. 

Fung et ai. (1972) cultured etiolated stolon nodes on White's medium to which sucrose 

was added at 2,8 or 12%. The osmotic potential of the media was kept the same using 

different concentrations of mannitol. Rapid tuber induction was observed on cultures 

growing on 8 and 12% sucrose, but none on media to which only mannitol was added. 

Only a few small tubers were formed after a great delay on low sucrose media, regardless 

ofthe presence of mannitol. Thus, they concluded that microtuber induction was in 

response to the high sucrose concentration, and was independent of the osmotic potential 

of the medium. 

The effect on in vitro tuberization of different carbon sources such as sucrose, glucose, 

fructose, mannose and mannitol at concentrations ranging from 4 to 12% have been 

studied in two potato clones. Sucrose at a concentration of 8% was found to be optimal for 

good tuber size and number. Glucose and fructose at all the concentrations studied yielded 

tubers of smaller size than sucrose. Mannose and mannitol failed to induce tuberization by 

Tovar and Dodds (1987). Gamer (1987) attempted a similar experiment, when he used 

mannitol to raise the osmolarity of Murashige and Skoog (1962) solid medium with 4% 

sucrose to that of MS medium with 8% sucrose. He found that on media containing 

mannitol microtuber induction was delayed by 4 weeks, and by the end ofthe experiment 

(14 weeks), only a few microtubers had developed on that medium, compared to around 

twice as many on 4% sucrose alone, and around four times as many on 8% sucrose. It was 

assumed from these results that microtuber induction was inhibited by mannitol addition. 

Oparka and Wright (1988) showed that sucrose uptake and its conversion to starch in 

potato tuber discs was sensitive to the osmotic potential of the medium and of cells 

themselves. They found that starch synthesis was optimal at 300mM mannitol, a value 

remarkably close to the measured tissue osmolarity, but decreased sharply above and 

below this. Gamer and Blake (1989) showed that the effect of 8% sucrose in solid MS 

medium compared to 4% was to increase microtuber number and fresh weight. Khuri and 



Moorby (1995) tested media containing sucrose, maltose, glucose or fructose 

supplemented with 4% sucrose media, while keeping the osmotic potential of the media 

constant. A concentration of about 400mM of sucrose in the medium was more suitable 

for microtuber production than media supplemented with maltose, glucose or fructose. 

When glucose was supplied at concentrations that had the same number of carbon atoms 

as 8% sucrose, the high osmolarity inhibited microtuberization. They concluded that 

sucrose acts as a suitable carbon source for uptake and utilization by the plantlets, but, at 

8%, it also provides a favourable osmolarity for the development of microtubers. 

3.2.4.4. Liquid medium 
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It is increasingly evident that the concentration and type of matrix used in nutrient media 

can profoundly influence the response of tissue cultured in vitro (Ziv 1991). All large

scale plant propagation systems currently use semi-solid agar or similar media for the 

multiplication phase of shoot buds (Aitken-Christie 1991, Levin et al. 1988). Excessive 

liquid or humidity in culture vessels causes a condition known as vitrification 

(hyperhydricity), in which cell walls fill with water and suffer metabolic and 

morphological abnormalities (Schloupf et al. 1995). Because vitrification leads to severe 

growth reduction, if not death, it has been acceptedas dogma that shooty cultures can 

neither be maintained nor multiplied in submerged liquid cultures. Traditionally, liquid 

cultures, whether in small flasks or in large bioreactors, have been used only for the 

growth of highly dispersed non-morphogenic cell lines of embryogenic cultures. 

There is now a proprietary procedure that prevents vitrification and allows growth of a 

great variety of species in liquid media (Ziv 1991). 

Growth in liquid medium offers the following advantages: 

(1) Growth as well as handling of the cultures is simpler and more efficient. This enables 

saving in space, time, and labor. 

(2) Accurate monitoring and control oftemperature, pH, carbon dioxide, oxygen, and 

ethylene in the bioreactors provide more uniform growth conditions. 

(3) Contamination is minimized, since the automated bioreactor and the bioprocessor are 

integrated and maintained in a single, closed, sterile system. The plant material is 



neither handled directly nor exposed to a non-sterile environment during incubation 

and transfer. 
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(4) Production in a large-scale bioreactor is more easily automated than it is in small, 

individual culture vessels. It is also easier to automatically transfer cultures, or nutrient 

media, in and out of a large vessel than from many individual flasks. 

Work has been done on the advance of process developments of a large scale propagation 

by meristem and shoot-tip culture (Escalada & Garcia 1982; Goodwin et al. 1980; Roca et 

al. 1978; Henshaw & Roca 1976; Morel 1975; Roca 1975; Murashige 1974) and 

proliferation by axillary shoots developed from in vitro cultured nodal cuttings (Espinoza 

et al. 1984; Hussey & Stacey 1981; Roca et al. 1978; Nozaran et al. 1977). It has been 

shown that the important factor influencing microtuberization is a multiplication step to 

optimize in vitro shoot growth to obtain high quality potato seed tubers (Bryan et al., 

1981; Copeland 1982). Considerable research has been done on the nutritional (Wetherell 

and Dougall 1976; Dougall 1981; Avila et al. 1994) and honnonal (Singha 1982) aspects 

of culture media preparation; however, the physical state of the culture media and its 

effects on the mechanisms that regulate explant growth have received less attention 

(Singha 1982). It has been observed that liquid or low-agar concentration media increase 

the growth of certain species cultivated in vitro (Singha 1982; Debergh 1983; Rossel et al. 

1987). Low-agar concentration media increased root and shoot growth of apple plantlets 

cultivated in vitro (Romberger and Tabor 1971; Singha 1982). Liquid media increased the 

growth of cv. Spunta two-fold (Rossel et al. 1987), but up to now the growth mechanisms 

have not been elaborated upon. Previous findings indicate that the improved growth in 

species cultivated in liquid or low-agar concentration media is caused by greater 

availability of water (Bouniols, 1974; Debergh, 1983) and nutrients (Singha 1982; 

Debergh 1983). This availability may be induced by a lower resistance to diffusion of 

materials released from plant cells and closer contact between the explant and the culture 

medium (Romberger & Tabor 1971; Hammerschlag 1982; Singha 1982; Pierik 1990). 

However these effects have not been fully proven yet. 
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4. Invertase activity 

Plant tissues are either net exporters of carbohydrate (source organs) or net importers (sink 

organs). Various types of sink organs range from those that are metabolically highly 

active, such as meristems and young developing organs, to storage organs such as fruits, 

seeds, and tubers. The factors governing the distribution of photo assimilate between the 

various types of sink organs is a central question in plant physiology, particularly given 

the importance of sink organ productivity for agriculture. The capacity of a sink to draw in 

and metabolize photo assimilates seems in competition with the other sink organ. 

In the majority of agriculturally important plants sucrose is the end product of 

photosynthesis in source organs, and is the form in which carbohydrate is distributed 

through the sieve element systems to sink organs. The initial cleavage of sucrose in sink 

organs proceeds either by invertase or sucrose synthase. In potato tubers, the vast majority 

of sucrose degradation is catalyzed by sucrose synthase and invertases play only a modest 

role, if any. 

Invertase (~-D-fructofuranosidase, E.C.3.2.1.26) is a highly polymorphic glycoprotein that 

cleaves sucrose into hexose sugars (Myrback 1960). Investigation of plant tissues has 

revealed more than one activity of invertase on the basis of pH optima, isoelectric points, 

solubility characteristics and intra or extra-cellular localization. In plants, invertases can be 

separated on the basis of pH optima into two groups, acid and alkaline. The soluble 

alkaline invertase is thought to reside in the cytoplasm (Ricardo and ap Rees 1970). Two 

types of acid invertase have been observed: a soluble (vacuolar) and a particulate form 

(apoplasmic or cell-bound). In dicotyledenous plants these compartment-specific isoforms 

are encoded by separate genes. The role of acid invertases in plants is complex and may 

change in response to developmental (Strum et al.1995) and environmental signals such as 

wounding (Matsushita and Uritani 1974; Strum and Chrispeels 1990), gravitropism (Wu et 

al. 1993) and pathogen infection (Strum and Chrispeels 1990; Tang et aI.1996). Acid 

invertases are considered to be important in growth, providing tissues with hexoses as a 

source of energy and carbon. In developing seeds of fava bean (Vicia Java) apoplasmic 

invertase in the seed coat is thought to result in a high concentrarion ofhexoses which are 

taken up by the developing embryo (Weber et al. 1995). In some plants root apoplasmic 
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invertase is thought to facilitate phloem unloading by maintaining a steep sucrose gradient 

between source (photosynthetic cells) and sink (heterotropic cells) regions ofthe plant 

(Eschrich 1980; Morris and Arthur 1985). In other plants, such as carrot tap roots, where 

phloem unloading occurs at least partially through membrane-located pumps (Daie 1984; 

Hole and Dearman 1994), sucrose synthase, located in the cytoplasm, and vacuolar acid 

invertase are considered to be more important in generating and maintaining the sucrose 

gradient between source and sink tissue (Strum et al. 1995). Recently, vacuolar invertase 

activity has been reduced in the fruit of tomato using antisense technology in order to 

examine the role of soluble acid invertase in determining the sugar composition of tomato 

fruit (Ohyama et al. 1995). Red ripening tomatoes accumulate hexose as a result of 

hydrolysis of sucrose by either intracellular invertase or sucrose synthase. In transgenic 

tomato fruit where invertase activity was low sucrose content was markedly elevated when 

compared to wild-type fruit, clearly showing that the high activity of acid invertase in non

transgenic/normal ripening fruit prevents the accumulation of sucrose. An antisense 

approach has also been used to reduce acid invertase activity in potato tubers (Zrenner et 

al. 1996). In these plant vacuolar invertase appeared to control the hexose:sucrose ratio in 

cold-store tubers. 

In order to investigate the importance of the sucrose cleavage step for sink strength, 

Sonnewald et al. (1997) expressed yeast invertase in transgenic potato tubers using a 

tuber-specific promoter. Although there is strong evidence that the unloading of sucrose 

from the phloem into tuber storage-parenchyma cells proceeds by direct cell to cell 

transfer through plasmodesmata (symplastic unloading), there is still a possibility that 

some sucrose moves into parenchyma cells via the extracellular space (apoplastic 

unloading) (Oparka et al. 1992). Sonnewald et al. (1997) therefore decided to construct 

two transgenic potato lines, one where the invertase was expressed in the cytosol and a 

second where the invertase was targeted to the apoplast of potato tubers. The yeast 

invertase has previously been expressed in the cytosol and apoplast of potato, tobacco, and 

Arabidopsis plants using the 35S promoter to confer constitutive expression (von Shaewen 

et al. 1990; Sonnewald et al. 1991; Btisis et al. 1997). Sonnewald et al. (1997) showed 

that expression of the invertase in the cytosol led to a reduced tuber size and increased 
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tuber number per plant, whereas localization in the apoplast resulted in a marked increase 

in tuber size and a decrease in tuber number. So, they suggested sink organ size could be 

manipulated through modification of sucrose metabolism. 

5. Maltose as a carbon source in liquid medium 

For in vitro culture of plant tissues, sucrose is generally regarded as the standard 

carbohydrate component of culture media (Evans et al. 1981; DunwellI985). However, 

for the development of embryos and green plants from anthers, microspores and cultured 

cells of a number of plant species, maltose has been shown to be better than sucrose, 

glucose or fructose. Embryogenesis from anthers of Solanum tuberosum L. (Batty and 

DunwellI989), Triticum aestivum L. (Last and Bretelll990; Orshinky et al. 1990), 

Hordeum vulgare L. (Hunter 1988), and somatic embryogenesis from Brassica napus L. 

and Brassica oleracea L. protoplasts (Loudon et al. 1989) and Medicago sativa L. calli 

(Strickland et al. 1987) are some examples where maltose instead of sucrose, glucose, or 

fructose in the culture medium led to an increase in the number of embryos or plants 

regenerated from cell cultures. These observations are remarkable since sucrose is the 

dominant source of energy and carbon supplied to non-photosynthesizing plant tissues 

(Hawker 1985), whereas maltose plays only a minor role in plant carbohydrate 

metabolism. Thus, sucrose would be expected to be a better carbohydrate source than 

maltose for embryogenesis from anthers, and growth of calli. Furthermore, when sucrose 

is supplied to non-photosynthetic plant tissues, it is frequently hydrolyzed by cell wall 

invertases to glucose and fructose before entering the cells in which it is metabolized 

(Lucas and Madore 1988). Hence, glucose and fructose would also be good carbohydrate 

sources for supporting growth of cultured plant cells. In contrast, maltose is not known to 

be supplied to non-photosynthetic plant cells; therefore, it would not be a better 

carbohydrate source than sucrose, glucose or fructose for the culture of plant tissues. 

The different effects of sucrose, glucose, and maltose upon embryogenesis have been 

studied in greater details in barley (Sovari and Schider 1987; Hunter 1988; Finnie et al. 

1989). Hence, barley is the best species to investigate further the different effects of these 

sugars upon embryogenesis. However, the majority of the work on barley has been with 
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anthers, which are made up of a number of different tissues, such as microspores, phloem 

tissue and the tapetum cell layer. Since microspores can be readily isolated from barley 

anthers experiments on cultured microspores should be ideal for clarifying these previous 

observations. Only limited work has been performed with barley microspore culture 

(Hunter 1988), but the available results suggest that maltose is the better carbohydrate 

source than other sugars for embryogenesis from microspores, as it is for anther culture. In 

Abies alba, maltose was found superior to sucrose and glucose in terms of formation of 

mature embryos (Hristoforoglu et al. 1992). Early experiments with Abies normanniana 

had also indicated that maltose was superior to sucrose (N0rgaard and Krogstrup 1991, 

N0rgaard 1992) but quantitative documentation was insufficient. Scott and Lyne (1994) 

showed the effect of maltose using isolated microspores of Hordeum vulgare L. cv. Igri in 

the presence of different sugars. Incubation of microspores in the presence of sucrose, 

glucose or fructose resulted in the death of cells via some unknown toxic mechanism. In 

contrast to this, maltose can sustain deVelopment of embryoids and calli from cultured 

microspores. The only two enzymes known to metabolize maltose in plants are a

glucosidase and maltose phosphorylase. The former yields glucose and the latter produces 

glucose and glucose I-phosphate. Finnie et al. (1989) suggested that the rate at which 

sucrose was metabolized was the cause of the above observations but no data were 

available for that hypothesis. Scott et al. (1995) found that cultures on sucrose differed 

from those on maltose in that there was a significant accumulation of ethanol and a lower 

adenylate energy charge. It was suggested microspores cultured on 40 mM sucrose die 

because they metabolize the sugar rapidly, become hypoxic and, as a result, accumulate a 

large quantity of ethanol within the cells. Metabolism of maltose is slower and there is 

sufficient oxygen available to allow cells to survive in culture. 

N0rgaard (1997) confirmed maltose was superior to sucrose in terms of the number of 

mature somatic embryos of the conifer Abies nordmanniana formed as well as their 

germination percentage. Optimum maltose concentrations varied between 3.4 and 4.3%, 

but mixtures of glucose and maltose did not show as good results as pure maltose. 

Khuri and Moorby (1995) tested media containing sucrose, maltose, glucose or fructose 

supplemented with 4% sucrose media, while keeping the osmotic potential of the media 
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constant. A medium concentration of about 400 mM with only sucrose was more suitable 

for microtuber production than media supplemented with maltose, glucose or fructose. 

When maltose was supplied at concentrations, which had the same number of carbon 

atoms as 8% sucrose, microtuberization was not inhibited. Although they concluded that 

sucrose at 8% acts as a suitable carbon source for uptake and utilization by the plantlets, 

the same concentration of maltose also provides a favourable carbon source for the 

development of microtubers. 

In their experiments, the effect of maltose was not clear because all the media they tested 

were supplemented with 4% sucrose, so the effect seems to produced by a mixture of 

sucrose and maltose not maltose alone. 

6. Genotypic Differences 

The discrepancies between the findings from papers are probably due at least in part the 

use of different genotypes. Mostly, the genotypes exhibited a wide variation in harvest 

index in response to applied treatments. 

The effect of liquid and solid media on the growth of micropropagated potato shoots (cvs. 

'Spunta', 'Kennebec' and 'Huinkul') was studied in relation to the availability of nutrients 

and water in the culture medium (A vila ef [(7. 1996). Despite of the difference in cultivar, 

similar trends were observed in that all the plantlets showed marked increases in 

elongation and dry weight in liquid rather than in solid medium. The effects of activated 

charcoal on induction and development of microtubers in potato (Solanum tuberosum L. 

cvs. 'Monalisa', 'Primura' and 'Spunta') were studied by Bizzari et al. (1995). The 

cultivars showed wide variations in the mean weight of microtubers, ranging from 44.6mg 

(cv. 'Primura') to 77.5mg (cv. 'Spunta'), and nearly all plants produced tubers. But they 

concluded that medium containing activated charcoal gave the highest rate of tuberization 

and largest microtubers. The qualitative and quantitive aspects of the production of potato 

microtubers (Solanum tuberosum L.) were also studied in a two-phase system 

(Defemandez et al. 1995). Nodal cuttings of cvs. 'Spunta' and 'Bintje' were grown on 

solid MS medium and then liquid tuberization medium added on top of it. The results 

showed that the two-phase (overlayering the 60ml of solid propagation MS medium with 
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45ml of modified MS tuberization liquid medium) optimized the microtubers' weight 

(769.5mg for cv. 'Spunta' and 498.1mg for cv. 'Bintje') and decreased the percentages of 

abnormalities for both cultivars. 

Rapid induction of microtubers was observed in the micropropagated, layered potato 

shoots of cvs. 'Kennbec', 'Russet Burbank' and 'Superior' in medium devoid of growth 

regulators (Leclerc et al. 1994). However, the microtuber weight per shoot was 

significantly influenced by cultivar, culture type, and growth regulator and by both 

cultivar-culture type and cultivar-growth regulator interactions. Layered shoots of cvs. 

'Russet Burbank' and 'Superior' produced significantly greater microtuber weight and 

number per shoot than cv. 'Kennebec'. 

The effect of the use of growth retardants to improve micro tuber formation on potato 

(Solanum tuberosum L. cvs. 'Arran Banner', 'Cara', 'Caribe' and 'Spunta') was studied by 

Harvey et al. (1991). They showed that 50% ofthe nodal segments cultures ofcv. 

'Desiree' tuberized in the absence of chloromequat and this was increased to 100% by 

inclusion of 10-3M chloromequat in the medium whereas all nodal segments of cv. 'Cara' 

tuberized in the absence of chloromequat and its addition reduced the percentage of 

cultures that tuberized. 

The induction of in vitro tubers in a broad range of potato genotypes was reported by 

Estrada et al. (1986). It was shown that the formation of in vitro tubers was induced in 

over 50 different genotypes possibly. 
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7. Aim and Scope of this Research 

From the literature review, there does not seem to be a shortage of findings concerning the 

factors that influence at least some aspects of microtuberization. It is particularly notable 

that many studies took advantage of isolated potato stolons as a simple experimental 

system for basic investigations into microtuberization. In these studies, quantitative data 

about aspects of microtuberization in relation to effects of plant growth regulators or other 

factors could usually be obtained rather conveniently. 

From the applied research point of view, a two-step process such as that described by 

Leclerc et al. (1994) and several other researchers is more appropriate for further research. 

This comprises first growing in vitro plantlets from nodal explants and then introducing 

microtuber formation on the plantlets, both steps being in liquid media without the need 

for any exogenous plant growth regulators. 

Research is needed to improve this process so that it will be a practical, efficient and cost

effective means to mass produce microtubers that are big enough to compete with field

produced seed potatoes for planting out. The long-term aim is for automation of this 

process. 

The goal of the present research is to fill in some knowledge gaps in a two-step practical 

process towards the production of more and larger microtubers. One main problem 

emerging from the literature review is that it is not clear whether the findings on tuberizing 

isolated stolons can be applied meaningfully to a more complex two-step tuberization 

process. Also, our understanding of the microtuberization process is incomplete due to a 

lack of precise information on the changes of the medium. This might seem insignificant 

as it would be expected that at some point of in vitro culture the medium components will 

be depleted. Neverthless, a time course study of changes in sucrose in the medium, for 

example, might shed some new light on the relationship between carbohydrate supply and 

timing of microtuber initiation, microtuber growth and timing of cessation of microtuber 

development, and may even yield new experimental opportunities to optimize the 

microtuberization process further. At present, it is not clear whether sucrose in the medium 



is required for all these aspects or only certain aspects of the microtuberization process. 

However, it is particularly important to determine precisely the relationship between 

sucrose status in the medium and, for example, cessation of microtuber development. If 

sucrose depletion is correlated with cessation of microtuber growth, it would then be 

interesting to see the outcomes of refreshing the medium at predetermined time points. 

35 

Finally, most published studies on a two-step process of micro tuber formation are 

complicated by not studying the effects of experimental manipulations or medium changes 

with due regard to the distinct nature ofthe two steps involved. For instance, in the study 

of Khuri and Moorby (1995), the nodal explants were placed right from the beginning of a 

two-step process on a medium containing 8% sucrose, which is known to induce 

microtuberization. Not only could there be potential problems for plantlet growth in this 

initially high concentration of sucrose, but also it is not possible to determine how much 

direct influence the medium had on the different aspects of microtuberization. This and 

associated problems have been addressed in this research. 
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II. MATERIALS AND METHODS 

1. Stock culture and Propagation of Plant Materials 

In vitro potato stock plants (Solanum tuberosum L. cv. Iwa and cv. Daeji) were regularly 

propagated from nodal cuttings every 6-8 weeks on MS basal medium (Murashige and 

Skoog 1962) supplemented with 30g! 1 (w/v) sucrose and solidified with 7g1 1 (w/v) agar. 

All media in this work, unless indicated otherwise, were autoclaved (20 min., 121°C) after 

the pH was adjusted to 5.8. A single nodal segment from a previously propagated stock 

plant culture was placed in a clear polycarbonate jar (64mm IDx80mm, total capacity of 

250 ml) containing 40ml of the medium. All cultures were incubated at 23°C under 

continuous irradiation of60 I1mollm2/s at the top of the vessels from fluorescent lamps 

(Philips). 

2. Systems for microtuberization 

2.1 Bubbling Jar Culture 

Step 1: Multiplication 

A 'home-made' screw-capped jar fermentor (total capacity of 1 liter) with sintered glass 

bubbler was used in a 2-step procedure for microtuberization. Twenty segments of single 

nodes excised from stock plants of 'Iwa' were transferred into the jar fermentor containing 

200 ml of full-strength MS basal medium and 30 g II sucrose without plant growth 

regulators. Explants were cultured with continuous sterile air supply (flow rate, 200 

ml/min through 0.48 11M Millipore cellulose acetate membrane filter) at 25°C for 4 weeks 

under continuous light. 

Step 2: Microtuberization 

The medimn was drained and refilled with 600 ml of growth regulator-free MS basal 

medimn containing 80 gil sucrose. Jars were aerated with sterile air (flow rate, 200 

mllmin) at 20°C in the dark. 

2.2 Shaking flask culture 

Aliquots of 20m 1 of the MS basal medium supplemented with 3% sucrose were dispensed 
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into 100 ml conical flasks. After autoclaving, three excised shoot tips from stock plant 

cultures of 'Iwa' were placed in each culture vessel. Culture vessels after inoculation with 

explants were left stationary for 3-4 days, and then they were placed on a reciprocal shaker 

having 30 oscillations per minute in a culture room at 25 °C with continuous light for 4 

weeks. For microtuberization, the medium was drained and refilled with 40 ml of the MS 

basal medium supplemented with 8% sucrose. The cultures were kept on a reciprocal 

shaker having 30 oscillations per minute at 20 °C in complete darkness for 10 weeks. 

2.3 Solid-liquid binary culture 

Solid culture was performed as described for stock plant culture propagation for the first 4 

weeks in the light at 25 °C before 50ml of MS liquid medium containing 8% sucrose were 

added for microtuberization. This binary culture system was kept at 20 °C for 10 weeks in 

complete darkness. 

2.4 Slanting jar culture and Depth control (Stationary culture) 

Three shoot segments each with 2 nodes that were excised from the stock plants were 

transplanted into clear polycarbonate jars (64 mm IDx80 mm), each containing 20 ml of 

the MS basal medium with 4% sucrose. After shoot generation within 2 weeks, the jars 

were slanted by about 15 degree to submerge the bottom part of the plantlets into liquid 

medium up to 4 weeks under continuous light. Then the medium was drained off and 

refilled with 50 ml of the MS basal medium containing 8% sucrose. The cultures were 

then incubated at 20 °C in darkness for 10 weeks. 

3. Plant multiplication: Basal or Standard protocol 

Three stem segments, each comprising 2 nodes, were excised from the previously 

propagated stock plant culture and were transferred to the same type of polycarbonate jars 

containing 25 ml MS liquid culture medium. This medium comprising full strength MS 

hormone-free medium was supplemented with 30 gil sucrose. The pH ofthe medium was 

adjusted to 6.0 before autoclaving at 121 °C for 20min. 
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Cultures were kept in a growth room at 23°C, illuminated with fluorescent tubes (Philips) 

giving an average irradiation of 60 ).tmol/m2/s at the top of the vessels. Explants were 

cultured for 4 weeks before the tuberization phase began. 

4. Changes during plantlet multiplication 

For the time course experiments, all the plant materials in polycarbonate jars were 

harvested weekly and their fresh weights were recorded. Then the dry weights of the 

plantlets were obtained after 24 h in an oven at 80°C. Media samples (20ml) were also 

collected and stored at 4 °C for monitoring the changes in carbohydrates, pH and invertase 

activity. Three independent determinations were carried out to get the average value. 

5. Variations to the standard multiplication protocol 

5.1 Different carbohydrate treatments 

MS basal medium was supplemented with or without, 30 g/ I sucrose or 30 gil maltose. 

The sugar solutions were filtered through 0.22 flM membrane filters (type GS, Millipore 

Corporation, U.S.A.) before being added to the rest of the autoclaved liquid MS medium 

for shoot multiplication. After 4 weeks of the multiplication phase, the plantlets were 

subjected to the standard tuberization protocol for 10 weeks. The effect of the two 

variations, sugar-free and maltose, compared to the standard protocol (3% sucrose) on 

changes during multiplication as well as possible effects on the number of microtubers 

formed, and their weight distribution were studied. 

5.2 Replacement of the standard multiplication medium 

The effect of replacing the medium during multiplication on the subsequent 

microtuberization process was evaluated in relation to average microtuber weight, number 

of microtubers formed, microtuber weight distribution and carbohydrate changes during 

multiplication. In this experiment, after 2 weeks of culture the standard multiplication 

medium was drained off and replaced by 25 ml of fresh standard multiplication medium as 

per the protocol. One week later, the medium was again replaced. Seven days later, the 

plantlets were transferred to the standard microtuberization protocol. 
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6. Microtuberization: Basal or Standard protocol 

After 4 weeks of the plantlet multiplication phase, the residual medium was drained off 

and replaced by SOml of microtuberization medium at pH 6.0 consisting of full-strength 

MS basal salt and organics solution containing no growth regulators, supplemented with 

80 g/ I sucrose for tuberization. All the cultures were incubated at 20°C in darkness for 10 

weeks. 

6.1 Time course of microtuber initiation and growth 

For the time course experiments, microtubers were harvested weekly, and fresh weight of 

individual microtubers was measured. The media were also collected weekly for 

measurement of pH, soluble protein contents, invertase activity, osmotic potential and 

carbohydrate content. 

7. Variations to the standard in vitro tuberization protocol 

7.1 Varying concentration of sucrose in the tuberization medium 

The variation involved addition of different concentrations of sucrose ranging from 2%-

20% to the MS basal medium. Microtubers were harvested 10 weeks following the transfer 

of the plantlets from the multiplication medium to these tuberization media. The harvested 

fresh microtubers were weighed individually. 

7.2 Retaining old multiplication medium on tuberization 

The effect of adding microtuberization media containing different concentrations of 

sucrose at the end of 4 weeks of plantlet multiplication without first discarding the original 

multiplication medium was studied. The cultures were harvested after 10 weeks following 

the mixing of old multiplication medium with the appropriate tuberization medium. 

7.3 pH variations in tuberization medium 

Two variations to the pH of the standard tuberization medium, which was 6.0, were 

attempted. Before autoclaving the media, the pH of the otherwise standard tuberization 
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medium was adjusted to 4.0 (the low pH variation) or 8.0 (the high pH variation). The pH 

of the autoclaved media changed: the low pH medium rose to about pH 4.3 and the high 

pH medium dropped to about 7.8. After 4 weeks of the standard multiplication protocol, 

the plantlets were transferred to these tuberization media. The effect of the variations in 

pH of the microtuberization medium was investigated in relation to number of tubers 

formed, their average microtuber weight, and microtuber weight distribution. 

7.4 Replacing microtuberization medium 

To investigate if replacing the media during the microtuberization phase had any effect, 

the standard tuberization medium was discarded and replaced with a fresh one of the same 

composition at 1,2,3,4 and 5 week intervals. Microtubers formed in the different 

treatments were harvested 10 weeks following the start of the microtuberization phase. 

Harvested fresh microtubers were weighed individually. 

7.5 Osmotically equivalent media 

When required the media containing different monosaccharides were adjusted to be 

osmotically equivalent to that of 8% sucrose (80 gil), using the van't Hoff law n=m/cRT 

(Salisbury 1982). The molecular weights of carbohydrates used were 342 for sucrose, 180 

for glucose and 180 for fructose. 8% sucrose solution has a molality of 80/342=0.234. 

From the molecular weights, it was possible to calculate the amounts of other 

carbohydrates to be added compared to 8% sucrose solution: 42.1 g glucose, 42.1 g 

fructose and 21.05 g glucose and 21.05 g fructose mixture were added to the total volume 

of 1,000 ml MS basal medium to generate media that were osmotically equivalent to the 

standard microtuberization medium containing 8% sucrose. 

In paper chromatography, the breakdown of sucrose was in autoclaved media detected. 

Hence, each of the monosaccharide solutions was filter-sterilized using 0.22 IlM 

membrane filters (type GS, Millipore Corporation, U.S.A.) before being added to the rest 

of the autoclaved MS basal medium. 
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In some variations to the standard microtuberization protocol, the media containing 

different monosaccharides were adjusted to have carbon contents equivalent to that of the 

standard microtuberization medium with 8% sucrose (80 gil). The molecular weights of 

carbohydrates used were 342 for sucrose, which has a molecular formula of C12H220 11 , and 

180 for glucose and fructose, which both have a molecular formula ofC6H120 6• 8% 

sucrose solution has a molality of 80/342=0.234 and has double the amount of carbon in 

its structure when compared to glucose and fructose. From the molecular weights, it was 

possible to calculate the amounts of other carbohydrates to be added compared to 8% 

sucrose: (0.234x180x2=) 84.2 g glucose, (0.234x180x2=) 84.2 g fructose. A 42.1 g 

glucose + 42.1 g fructose mixture was added to total volume of 1,000 ml MS basal 

medium to generate medium that had a carbon content equal to the standard 

microtuberization medium containing 8% sucrose. 

Each of the carbohydrate solutions was filter sterilized through a 0.22 IlM membrane filter 

(type GS, Millipore Corporation, U.S.A.) and added to autoclaved MS basal medium. 

7.7 Medium containing maltose 

8% (w/v) maltose (analytical grade, sigma, USA) solution was tiltered, sterilized through 

0.221lM membrane filters (type GS, Millipore corporation, U.S.A.) and then added to the 

autoclaved MS basal medium. Both sucrose and maltose have the same molecular weight 

(324) and formula ofC12H220 11 • 

8. Paper chromatography and HPLC analysis of sugars 

Media were collected from three jars at different stages of plantlet growth and microtuber 

development and then filtered through Whatman No.1 filter paper. 

Paper chromatography of sugars of the filtered media was carried out in ethylacetate

pyridine-water (10:4:3, v/v) and developed twice on Whatman No.1 paper (Hough and 

Jones 1962). Sugars were visualized with a mixture of 4 g of diphenylamine in 100ml 

acetone and 4ml of aniline in 96ml acetone with 20 ml of phosphoric acid as spraying 
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agent (Scott 1969). When media containing sucrose were autoclaved, traces of glucose and 

fructose could be detected by paper chromatography in aliquots ofthe autoclaved media. 

Changes of sugars in these media were also determined quantitatively by the HPLC 

method. Sugars were separated on a 220x4.6 mm reverse-phase amino column using 

acetonitrile-water (75:25, v/v) as the mobile phase (flow rate, 1.5 ml/min) at column 

temperature of 30 DC. The sugar peaks were measured using a refractive index detector. 

9. Preparation of invertase and soluble proteins from culture media 

Media from 3 jars at different stages of culture were collected and pooled together before 

being filtered through 1 layer of Whatman No.1 paper. 

Several difficulties were encountered including the soluble protein contents being too low 

for SDS-PAGE or IEF gel analyses and the frequent formation of precipitates during 

enzyme preparation. The following attempts were made to concentrate protein and 

increase the enzyme contents in solution. 

1) The filtrates were dialyzed with 0.1 M sodium phosphate buffer or 0.1 M sodium 

acetate buffer at 4 DC overnight and then concentrated using polyethylene glycol (MW 

20,000). 

2) The filtrates were brought to 70% (w/v) saturation by addition of solid ammonium 

sulfate. The precipitates were collected by centrifugation at 15,000 r.p.m. for 15 min. 

(Sorvall RC-5B with rotor type SS-34, Du Pont Instrument, U.S.A.), dissolved in 1ml 

of 0.1 mM sodium acetate buffer (PH 5.2), and dialyzed overnight at 4DC against the 

same buffer. The dialyzate containing the soluble invertase activity was stored at -20 

DC until enzyme assays were carried out. 

3) Desalting column preparation of invertase solution: 

Desalting process was tried to prevent precipitates from the dialyzed solution. The 

dialyzed solution was applied to a desalting column (3.0x5.0 cm) packed with Bio-gel 

HTX (Bio-rad. Ltd.), pre-equilibrated with 0.1 mM sodium acetate buffer (PH 5.2). 

10. Partial purification of invertase 

The dialyzed solution was applied to a DEAE-cellulose column (1.5x30 cm), pre-
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equilibrated with 50 mM sodium acetate buffer (PH 5.2). The column was washed with the 

same buffer and then eluted with a linear gradient of 0 to 0.3 M NaCl in 500ml of the 

buffer. The fractions containing active invertase were pooled and designated as medium 

invertase. 

11. Extraction of crude invertase from potato plantlet tissues 

At specific times during multiplication and tuberization, roots and stems submerged in the 

media as well as microtubers were frozen with liquid nitrogen and 5g of each sample was 

ground in a mortar and pestle with 5 ml of 0.1 mM sodium acetate buffer (PH 5.2). The 

slurry was squeeze-filtered through three layers of moistened synthetic cloth and the 

supernatant fraction was retained following centrifuging at 15,000 r.p.m. for 15 min at 4 

°C (Sorvall RC-5B with rotor type SS-34, Du Pont Instrument, U.S.A.). The supernatant 

was dialyzed in the above buffer overnight at 4 °C and the dialyzate was used as crude, 

cell-free invertase extracts. The enzyme extracts were stored at -20°C. 

12. Invertase assay 

Invertase activity was assayed by following the enzymatic release of glucose from sucrose 

as substrate. Assay reaction mixture contained 200 ~l of 200 mM sodium acetate buffer 

(PH 4.8), 200 ~l of filtered culture medium, and 100 )..11 of 20 mM sucrose solution. 

Control was prepared containing 300 ~l of the same buffer, 200 )..11 of the filtered culture 

medium but no sucrose solution. Mixed samples were incubated at 37°C from 3 h to 2 

days. The release of reducing sugar was determined using the HBH reagent with glucose 

as standard (Lever 1973). Following incubation, 20 )..11 of assay reaction mixture were 

mixed with 5 ml HBH reagent, boiled for 5 min, and then cooled to room temperature 

before absorbance at 490 run was read. 

For the determination of pH optima of the enzyme activities, the following buffers were 

used in the assay reaction mixture: 0.1 M sodium acetate buffer, pH 3.0-5.2; 0.1 M sodium 

phosphate buffer, pH 6.2-8.0. Each data point was the average of three replicate assays. 
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13. Amylase assay 

Prior to the assay, media from 3 jars of cultures were collected and pooled together before 

being filtered through 1 layer of Whatman No.1 paper. 

The filtrates were brought to 70% (w/v) saturation by the addition of solid ammonium 

sulfate. The precipitates were collected by centrifugation at 15,000 r.p.m. for 15 min. 

(Sorvall RC-5B with rotor type SS-34, Du Pont Instrument, U.S.A.), dissolved in 2 ml of 

0.1 mM sodium acetate buffer (PH 5.2), and dialyzed overnight against the same buffer. 

All the procedures were carried out at 4°C. 

For the enzyme assay, 0.2% (w/v) soluble potato starch as a substrate was prepared fresh 

before enzyme assays by heating 100 mg soluble starch to boiling in 50 ml distilled water. 

Reaction mixture contained 0.5 ml of sodium citrate buffer (pH 5.0), 0.4 ml of the culture 

medium and 0.2 ml of the substrate, and was incubated at 37°C for 30 min before 3ml of 

iodine reagent were added to stop the reaction. Absorbance was read at 620 nm. For 

enzyme control, the substrate was added following incubation of buffer and the filtered 

medium at 37°C. Iodine stock for an iodine reagent was prepared by dissolving 6 g of 

potassium iodide and 600 mg of iodine in 100ml distilled water. Fresh iodine reagent from 

the stock was prepared by diluting 1 ml of iodine stock with 99 ml of 50 mM HCI. 

14. Phosphatase assay 

Phosphatase activity was assayed using p-nitrophenyl phosphate as a substrate. Assay 

reaction mixture contained 0.25 ml of 0.1 M sodium citrate buffer solution (PH 5.0), 0.25 

ml ofp-nitrophenyl phosphate (50 mM in the same buffer) and 0.25 ml of the medium and 

was incubated at 30°C for 30 min. For control, the substrate was added after incubating 

the buffer and medium for 30 min at 30 DC. 0.75 ml of 1 M NaOH was added to each 

reaction mixture to stop the enzyme reaction and then the absorbance was read at 410 nm. 

15. Protein quantification 

The concentrations of soluble proteins in the filtered media were quantified using the 

procedure of Bradford's macroassays (1976) and bovine serum albumin (BSA) was used 
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as the standard. 

16. SDS-PAGE 

Soluble proteins were resolved by SDS-PAGE (Laemmli 1970) which was performed, in a 

'purpose-built' glass-plate apparatus using 10 to 15 % acrylamide gels. Current was 

applied at 60rnA until the dye front reached the interface between the stacking and 

separating gels and then the current was adjusted down to 25 rnA until the tracking dye 

reached the bottom of the gel. After electrophoresis, polypeptides were visualized with 

Coomasie brilliant blue R-250 (Ougham et al. 1987) and the silver stain (Ag(N03)2 ) 

method was also attempted (Chapman et al. 1988). 

17. Non-denaturing PAGE and IEF 

The procedure for non-denaturing PAGE was the same as that for SDS-PAGE except that 

the gels, running buffer, and the sample buffer were free ofSDS or mercaptoethanol, and 

the invertase-containing extracts (see 11) were not heated before eletrophoresis (Reisfeld 

et al. 1962). The gel concentration was investigated from 10 to 15 % acrylamide for better 

band resolution. Electrophoresis was carried out at 4 DC for native PAGE electrophoresis. 

Current was applied at 65 mA until the dye front reached the interface between the 

stacking and separating gels and then voltage was adjusted down to 200 V until the 

tracking dye reached the bottom of the gel. The gels were stained for protein with 

Coomasie Brilliant Blue when required. 

For pI determination of invertase activity in the filtered media, thin layer isoelectric 

focusing in Mini-PROTEIN II (Bio-Rad Laboratories, U.S.A.) was performed according to 

the manufacturer's manual. Polyacrylamide gels containing ampholytes in the range of pH 

3-10 were used. Voltage was applied at 200 V for 1.5 h and then the voltage was adjusted 

to 400 V for 1.5 h Isoelectrofocusing was carried out at room temperature. After 

isoelectrofocusing, the gel was cut into pieces with reference to the band position in the 

lane stained for invertase activity as described in 18.3. Then the gel pieces were soaked in 

50 mM KCl solution for overnight and the pH of the KCl solutions were determined. 



18. Cytochemical methods for localizing invertase activity in gels 
18.1 Preparation of [Ag(NH3)2r solution method 
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Preliminary trials were attempted to localize invertase activity on the native PAGE gels 

using a modified cytochemical method based on [Ag(NH3)2) r. This reagent was prepared 

as follows: One mol dm-3 of ammonium hydroxide was added to a 0.1 mol dm-3 solution of 

silver nitrate until the initial precipitate of silver hydroxide redissolved to give a clear 

solution. Sufficient glacial acetic acid (0.1 mol dm-3
) was added dropwise to change the 

pH either to 5.0 or to 7.0. This solution was added to sucrose (analysis grade) to give a 

final concentration of 0.025 mol dm-3 and 1 % agar. 

The solution was autoclaved and cooled to 45 DC, poured into sterile Petri dishes and 

allowed to solidify. The preparations were kept in the dark at 4 DC until needed. A layer of 

the silver agar preparation was placed over a native PAGE gel on which the enzyme was 

separated and incubated for 2 hat 37 DC. 

18.2 Tetrazolium salt reaction for detection of invertase activity following 
gel eletrophoresis 

Another attempt to localize invertase on the native PAGE gels involved preparing a 

tetrazolium staining solution. The staining solution 'was prepared as follows; 85 mM 

citrate/phosphate buffer adjusted to pH 6.0 containing 100mM sucrose, 0.33mg/ml 

phenazine methosulfate and 0.02 mg/ml glucose oxidase. This staining solution was 

prepared and used in complete darkness. After native electrophoresis the gel plate was 

immersed in this staining solution and incubated at 37 DC overnight. To stop enzymatic 

staining the gel plate was immersed for 5 min in 10% (w/v) trichloroacetic acid. 

18.3 The use of glucose oxidase, peroxidase and 3,3'-diaminobenzidine 
(D.A.B.) for detection of invertase activity following gel electrophoresis 

Invertase activity was visualized after native gel eletrophoresis or thin layer isoelectric 

focusing gel electrophoresis as described by Faye (1981). For staining the gels, the 

following reaction mixture was used: 85 mM citrate/phosphate buffer adjusted to pH 6.5 
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containing 100 mM of sucrose, 0.02 mg/ml glucose oxidase (Sigma Chemical Co., 

U.S.A.), 0.12 mg/ml horseradish peroxidase (Sigma Chemical Co., U.S.A.), and 0.3 mg/ml 

3.3-diaminobenzideine tetrahydrochloride (BDH Laboratory Supplies Poole, England). As 

a control one of the enzyme preparations was boiled and loaded to a sample well before 

the electrophoresis process. The gels were rapidly washed after electrophoresis with 85 

mM citrate/phosphate buffer before incubation in the soluble staining reaction mixture. 

Then the gels were incubated at 37 DC in a moist chamber overnight. To stop enzymatic 

staining and to increase contrast the gels were immersed in 10% (w/v) trichloroacetic acid 

solution for 5 min. 

19. Ultrastructural analysis 

The external morphological modifications of green and white roots, stems, tubers, 

leaves and floating cells collected after the multiplication step and 

microtuberization step were examined. The microplants formed in light and 

microtubers formed in dark were dissected and prepared for transmission electron 

microscopy. Tissues were fixed in 3.0% glutaraldehyde (biological grade) in 

0.025 M phosphate buffer (PH 7.0) for 4 h or overnight at 20 DC, washed in the 

same buffer and then post-fixed in 2% osmium tetroxide inthe same buffer for 12 

h or overnight at 4 DC. Dehydration in acetone at 10% stages for 10 min each up 

to the 90% stage, followed by three changes of 100% acetone over 1 hour and 

embedding in Epon araldite epoxy resins, were carried out by standard methods. 

Ultrathin sections were cut on a LKB ultramicrotome using a diamond knife, 

stained with saturated uranyl acetate for 5 min and observed using a Hitachi HS-

7S electron microscope. 

20. Osmotic Potential Measurements 

The osmotic potentials of culture media, after filtration as described previously, were 

measured and readings obtained directly from a Vapor Pressure Osmometer (5500 

Wescor, Utah, U.S.A., standard deviation < 2 mmollkg). 1 III of medium was applied to a 

sample disc (SS-033, Wescor, Utah, U.S.A), 6 mm diameter, following the manufacturer's 
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instructions for the Osmometer. 

21. Mineral Analysis 

The culture media, after filtration as described previously in 8, were sent to the Institute of 

Environmental Science and Research Limited (Wellington Science Center, New Zealand) 

for analysis of mineral contents via ICP mass spectrometry. The stated units used are g/m3 

(or mg/I). 

22. Data Analysis 

The data on microtuber number and average microtuber weight were evaluated using the 

Anaysis of Variance (ANOVA) of Stat isti x for Windows at a significance level p:S0.05 

unless stated otherwise. Microtuber fresh weight distributions were classified according to 

5 or 6 catagories (:S0.25, 0.25-0.50, 0.50-0.75, 0.75-1.0, > 1.0 g and >2.0 g) and converted 

to percentages for comparison. 



III. RESULTS 

A. Prelinlinary trials with different potato nlicrotuberization 
systems 
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In liquid medium, the plantlets that were completely submerged could not form tubers 

when incubated in darkness for 10 weeks. The depth of the liquid medium was also 

important during the multiplication stage. If the liquid level was too low, the growth of 

plantlets was inhibited. When the liquid level was too high, further growth of stems, roots 

and leaves became retarded and the stem became stoloniferous. Depth control of the 

medium is therefore an important consideration in the use ofliquid media for potato 

microtuberization. 

Of the 4 microtuberization systems trialled here (Fig. 1 ), the stationary system appeared to 

be most promising as far as microtuberization is concerned (Table 1). This was adopted for 

further investigation in this thesis. 

A preliminary examination of the possible involvement of invertase activity in the medium 

for sucrose which supplied during microtuberization was also carried out. It was found that 

invertase activity was much higher in the 8% sucrose medium than that in the media 

containing other carbohydrates (Table 2). It is also interesting that amylase activity was 

not detected in any of these media while acid phosphatase activity was similar in all of the 

media. Taken together, the relatively high invertase activity seemed to be associated with 

8% sucrose tuberization medium. 

The standard two-step stationary culture procedure used throughout the thesis was 

modified slightly from the preliminary stationary culture system. In the first step of the 

preliminary system, three plantlets with 2 nodes each were floated in 25ml of liquid 

propagation medium containing 3% sucrose in MS basal salt solution (depth about 10mm 

high). This first stage is to promote vegetative growth prior to microtuberization. It was 

observed that vegetative growth was important to get a bigger microtuber in the next 

tuberization step. Normally, roots and lower parts of the plantlets were submerged, but 

upper parts (stem and leaf) of the plantlets remained over the surface ofthe aerial space in 
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liquid medium within a 250ml tissue culture container (64mm ID x 80mm). 

After 4 weeks, when the plantlets were well established, the residual medium was drained 

off and replaced to increase medium depth (15-20 mm) with 50ml of new 

microtuberization medium containing 8% sucrose in MS basal medium. 

In the second stage, the plantlets were incubated at 20°C in darkness. After 10 weeks, the 

microtubers were harvested. 



CULTURE MANIPULATION 

MULTIPLICATION 

(First Step) 

STOCK PLANT 
('Iwa') 

2 Nodal Cutting 

Culture in Liquid medium 

3% Sucrose MS liquid medium 

Drain off & replace medium 

TUBER FORMING 
TUBER GROWTH 

(Second Step) 

Bubbling jar 
(A) 

Shaking 
(B) 

Whole plant 

8% sucrose MS liquid 

Stationary 
(C) 

Binary 
(D) 

Fig. 1. Preliminary trials of 4 different microtuberization procedures. 

Please note: throughout the thesis, the in vitro plantlets of the 2 potato cultivars used for 

experimentation are denoted as ('Iwa') and ('Daeji'). 
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Table 1. Results ofthe preliminary trials in Fig. 1 at 10 weeks from the start ofthe 
microtuberization step. 

A 

Earliness of +++ 
induction 
Microtuber ++ 
numbers 
Tuber size +++ 

Tuber yield +++ 

Appearances Thick stems 

Key: +++ good or most advanced 
++ intermediate level 
+ poor or less advanced 

B C D 

+ +++ ++ 

+ +++ ++ 

+ +++ +++ 

+ +++ + 

Most tissues Thick stems Poor tuber growth 
submerged in rate; 
the medium; low productivity 
vitrification 

evident 



Table 2. Presence of enzyme activities in the medium at the end of the preliminary 

tuberization experiments with 'Iwa' plantlets. 

Medium3 Enzyme Activityb 

Invertase Phosphatase Amylase 

(nMlh/mg/protein) (nMlh/mg/protein) (nMlh/mg/protein) 

8% sucrose 300 1600 0 

Glucose 53 1200 0 

Fructose 94 1400 0 

Glucose+Fructose 14 1200 0 

Maltose 00 1700 , 0 

a. MS basal medium + the appropriate carbohydrates. All media except the 3% 

sucrose medium were osmotically equivalent to the 8% (w/v) sucrose medium at 

the beginning ofthe in vitro tuberization step. 

b. Presence of the indicated enzyme activities in the media after 10 weeks from the 

start ofthe in vitro tuberization step was examined. The activity of the enzymes 

assayed was expressed as the nM reaction product formed per hour per mg of 

protein indicated. 
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B. Main Experiments 

1. Effect of manipulations of tuberization medium on microtuberization 
1.1 Standard Protocol 
1.1.1 Time course of microtuber development 

In vitro potato plantlets(cvs. 'Iwa' and 'Daeji') with an upright vigorous shoot and a well

developed, long green root, cultured in a stationary liquid tuberization medium with 8% 

sucrose for 10 weeks in darkness, formed about 3.0 microtubers per 3 plantlets per jar. All 

the microtubers showed marked increase in fresh weight within 7 weeks of culture; after 

from then until 10 weeks there appeared to be little or no further change (Fig. 2). 

1.1.2 Carbohydrate changes in the standard tuberization medium 

Composition of sugars in the medium exhibited remarkable changes while the microtubers 

were formed (Figs. 3a and 3b). After 2 weeks in culture, the medium contained large 

amount of glucose and fructose in addition to sucrose (Figs. 4a and 4b). The decrease of 

sucrose in the medium was correlated with an increase in the levels of glucose and 

fructose. After 6 weeks in culture, sucrose was almost completely converted (i.e. not 

detectable with paper chromatography but trace amount fOlmd in HPLC analysis) to 

glucose and fructose, which were present in similar-proportions. By week 8, sucrose was 

no longer detectable even in HPLC analysis, but the levels of glucose and fructose in the 

medium peaked. Then these sugars decreased in the medium slightly and in similar 

amounts although this seems to have happened faster in the case of 'Daeji' than in 'Iwa' 

(Figs. 4a and 4b). 

It was apparent that the decrease in sucrose concentration of the medium accompanied the 

beginning of microtuber formation and correlated notably with the cessation of microtuber 

development. 

1.1.3 Invertase activity in the standard tuberization medium 
1.1.3.1 Preparation of invertase from the medium 

Since invertase level appeared to be low in large volume of the liquid medium, it was 

necessary to concentrate the enzyme. To this end, several general protein 
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Fig. 2. Time course of micro tuber growth ('Iwa' and 'Daeji'). The microtubers harvested 

at the end of the microtuberization step (10 weeks) from each medium type with a 

certain sucrose concentration was individually weighed shortly after harvest. 

Each value represents the average tuber weight from two replicates jars. 
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concentration methods were attempted, including PEG sorption and ammonium sulphate 

precipitation. A further challenging problem was encountered: proteins from the medium 

tended to form precipitates during dialysis in buffer solution, or upon storage at 4 °e. 

Freshly prepared samples were used to avoid these problems. 

1.1.3.2 Optimum pH of invertase activity 

The enzyme activity in the medium for microtuberization of 'Iwa' was determined over a 

broad pH range (Fig. 5). The peak activity at around pH 5.0 suggests that the sucrose 

hydrolyzing activity in the medium was an acid invertase and not an alkaline invertase. 

1.1.3.3 Change of invertase activity in the medium during tuberization 

The development of invertase activity in the medium for microtuberization of'Iwa' and 

'Daeji' correlated well with the initiation and development of micro tubers (1.1.1) and with 

carbohydrate changes in the medium (1.1.2). The enzyme activity increased in the first 6 

weeks and then started to fall in the next 4 weeks (Fig. 6). The peak level of invertase 

activity in the medium for tuberization of 'Daeji' plantlets was higher than that for 'Iwa' 

and the subsequent decline in the case of'Daeji' was also more substantial than in that of 

'Iwa'. 

1.1.3.4 Presence of invertase in parts of stems and roots that were 
submerged in liquid medium 

Submerged stems and roots of'Iwa' plantlets contained invertase activities but the 

presence of invertase in microtubers was not detected. The dependence of enzyme 

activities in roots or stems on pH ranging from 2 to 8 is shown in Fig. 7. The extract of 

submerged potato stems and roots had two peak activity at around pH 4 and 6. There was 

no evidence for alkaline invertase activity in either extract. 

1.1.3.5 Invertase Isozymes 

To determine the number of invertase isoenzymes in the tuberization medium, non-denaturing 
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PAGE and non-denaturing thin layer isoelectric focusing gel electrophoresis were carried 

out and then several methods were attempted to detect the enzyme activity on the gels. The 

most satisfactory method involved the use of an auxilliary chromogenic system (Faye 

1981). The gels immersed in the soluble staining system overnight showed a single stained 

band in each sample lane on the gel (Fig. 8) with pI at around 6.75. The same band 

appeared to be present in root extract and in multiplication medium. 

1.1.3.6 Changes in soluble protein content during tuberization 

Soluble protein content of the medium changed during tuberization of'Iwa' plantlets (Fig. 

9). There was a sharp increase in 4-5 weeks reaching a maximum at/after 6 weeks in 

culture. Subsequently there was little or no further change in the next 4 weeks. 

1.1.4 SDS-PAGE of proteins in the standard tuberization medium 

Analysis by SDS-P AGE of crude protein preparations from the standard microtuberization 

medium revealed a number of proteins bands ('Iwa'). One ofthe major bands had an 

apparent molecular mass of}O kD (Fig. 10). 

1.1.5 pH changes in the medium during in vitro tuberization 

The initial pH of the tuberization medium changed in the course of sucrose cleavage in the 

medium during microtuber initiation and development ('Iwa'). There was a decline of the 

pH to 4.3 during the first 2 weeks of culture. Then the pH started to increase to around 5 

for the rest of the experiment (Fig. 11). This coincided with the completion of sucrose 

cleavage in the medium. 

1.1.6 Osmotic potential change in the standard tuberization medium 

Osmotic potential of the medium was also measured to determine the correlation between 

osmotic potential changes and sucrose cleavage in the medium (Fig. 12). It rose between 2 

and 4 weeks reaching a peak at week 4 during in vitro tuberization of 'Iwa' plantlets, and 
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then dropped slightly but remained at a high level up to 10 weeks. A similar pattern of 

changes in the osmotic potential of the medium was observed during tuberization of 

'Daeji', except that it peaked at 3 weeks and at a smaller magnitude. 

1.1.7 Time course of mineral changes in the standard tuberization 
medium 
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The levels of several major inorganic ions in the medium were measured in 'Iwa' plantlets 

to identify whether mineral nutrients could contribute to the osmotic potential changes in 

liquid medium. Among the minerals studied potassium and calcium contents decreased 

more rapidly within the first 2 weeks of in vitro tuberization of 'Iwa' plantlets than later on 

(Fig. 13). 

1.2 Effects of varying the concentrations of sucrose in the tuberization 
medium 

1.2.1 Effect on microtuber formation 

Following 4 weeks of the standard plantlet multiplication protocol, the effects of culturing 

the plantlets in media containing varying amounts of sucrose ranging from 0 to 20% (w/v) 

on the number of microtubers formed, their average fresh weights and relative size 

distribution were investigated. 

Microtubers were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' 2 weeks 

after transfer from the multiplication medium to a wide range of sucrose-containing media, 

except the sucrose-free medium on which the plantlets did not form microtubers after 10 

weeks in darkness. The number of micro tubers formed by 'Iwa' varied from 2.0 to 3.3 per 

3 plantlets in media containing sucrose concentrations ranging from 2 to 20%, with 4 to 

8% appearing to be the best treatments (Table 3). Similarly, the number of micro tubers 

formed by 'Daeji' plantlets did not seem to vary much among the different sucrose 

treatments, possibly with the exception of the 20% sucrose medium (Table 3). 

Overall the 'Iwa' plantlets appeared to form heavier microtubers than those of 'Daeji' in 

response to sucrose ranging from 2% to 20% in the media (Figs. 14 and 15). 
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Table 3. Effect of varying sucrose concentration on number of micro tubers formed after 10 

weeks in the dark. 

Number of microtubers produced per 3 plantlets in a jar 

Sucrose concentration in 'Iwa' 'Daeji' 
media (%, w/v) 

0 0 0 

2 2.33 ± 1.06ab 3.83 ± 0.56a 

4 3.16 ± 0.56b 3.20 ± 0.70a 

6 3.25 ± 0.25b 3.00 ± 1.00a 

8 2.66 ± 1.06b 2.57 ± 0.61 ab 

12 3.00±1.11b 3.25 ± 0.50a 

16 2.66 ± 1.06b 3.50 ± 1.90a 

20 2.00 ± 0.12a 1.66 ± 0.16b 

Superscripts with same letter are not significantly different according to Bonferoni 

comparison of means at the 0.05 level. 
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Microtuber size in the case of'Iwa' increased from 0.43g (average weight from three 

plantlets) in 2% sucrose medium to 0.60g in 6% sucrose medium and decreased from 

0.79g in 8% sucrose medium to 0.32g in 20% sucrose. Similar trends were observed with 

'Daeji' (Fig. 15). 

An examination of the frequencies of microtubers in different weight categories (Figs. 16 

and 17), confirms that 8% sucrose, the concentration used in the standard tuberization 

medium, was the best tuberization medium and tended to favour the formation of larger 

microtubers and fewer smaller ones in both varieties. The 2%, 16% and 20% sucrose 

media resulted predominantly in the production of small microtubers (mainly less than 

250mg). 

1.2.2 Effect on soluble protein contents of the tuberization media 

Changes in soluble protein contents ('Iwa') could be detected in the medium during 

tuberization. The soluble protein contents of the tuberization media supplemented with 

varying concentration of sucrose increased sharply reaching a maximum after 6 weeks in 

culture (Fig. 18). In general, higher sucrose media tended to have higher contents of 

soluble proteins. Subsequently there was little or no further change in the next 4 weeks. 

1.3 Effects of different carbohydrates in the tuberization medium on 
microtu beriza tion 

1.3.1 The initial osmolality of the media containing different 
monosaccharides was equivalent to that of 8% sucrose (i.e. the 
standard tuberization medium) 

1.3.1.1 Microtuber formation 

Following 4 weeks ofthe standard plantlet multiplication protocol, the effects of culturing 

the plantlets in tuberization media supplemented with glucose and fructose, either singly or 

in combination, were studied in comparison with standard 8% sucrose medium. The initial 

osmolality of all these media was adjusted to be the same. The number of microtubers formed, 

their average fresh weights and relative size distribution were investigated. Microtubers 

were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' 2 weeks after transfer 

from the multiplication medium to the different tuberization media. 
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Fig. 14. Effect of sucrose concentrationsn average fresh microtuber weight (,Iwa'). The 

microtubers harvested at the end ofthe microtuberization step (10 weeks) from 

each medium type with a certain sucrose concentration were individually 

weighed shortly after harvest. An average of the fresh weights of individual 

microtubers was computed. Treatments with different letters are significantly 

different according to Bonferoni's comparison of means at the 0.05 level. 
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Fig. 15. Effect of sucrose concentrations on average fresh microtuber weight ('Daeji'). The 

microtubers harvested at the end of the microtuberization step (10 weeks) from 

each medium type with a certain sucrose concentration were individually 

weighed shortly after harvest. An average of the fresh weights of individual 

microtubers was computed. Treatments with different letters are significantly 

different according to Bonferoni's comparison of means at the 0.05 level. 
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The number of microtubers formed in a jar each containing 3 plantlets was similar in the 

glucose and sucrose media, whereas it seemed higher in the fructose medium and that with a 

mixture of glucose and fructose (Fig. 19) although the statistical analyses revealed no 

significant differences among the 4 treatments (p~0.05). In contrast, the response of'Daeji' 

plantlets to these media was different. The fructose or sucrose medium appeared to have 

similar a effect and a number of micro tubers formed was apparently higher (p~0.05) than in 

the glucose or glucose + fructose medium (Fig. 20). 

It seems that 'Iwa' plantlets produced heavier microtubers in the medium initially supplied 

with a mixture of glucose and fructose or the standard 8% sucrose microtuberization 

medium than when glucose or fructose was supplied singly to the tuberization medium 

(Fig. 21). The results obtained with 'Daeji' plantlets (Fig. 22) were different and showed 

that the response to the different media were very similar overall although ANOV A might 

show otherwise. 

An examination of the frequencies of microtubers in different weight categories formed by 

'Iwa' plantlets showed clearly that the tuberization medium containing sucrose or a 

mixture of glucose and fructose rather than medium containing glucose or fructose 

supplied singly tended to favour the production of larger microtubers and fewer smaller 

ones, particularly those less than 250mg (Fig. 23). A similar frequency of micro tubers in 

different weight categories in response to the different media were also observed with 

'Daeji' plantlets (Fig. 24). In particular, the medium with glucose supplied singly resulted 

predominantly in the production of smaller microtubers. 

1.3.1.2 Osmotic potential changes of the different monosaccharide
containing media during microtuberization 

The initial osmotic potential ofthe different monosaccharide media was adjusted to be the 

same as that of the 8% sucrose medium (Fig. 25 and 26). During microtuberization of 'Iwa' 

plantlets, the osmotic potential ofthe sucrose medium, which was included for comparison, 

first dipped slightly before increasing sharply within the first 4 weeks (Fig. 25). By contrast, 

that of the other 3 media decreased. Then while the osmotic potential of the sucrose medium 

decreased slightly before stabilizing at a relatively high level till the end of the 
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difference was found among the treatments (AN OVA, p~O.05) 



81 

3.5 

(/) 3 ..... 
Q) 

:;::; 
c 

2.5 co 
0.. 

C"') -~ 2 
Q) 
.0 
E 
::l 1.5 c 
'-
Q) 
.0 1 ::l ..... 
0 
'-
0 

~ 0.5 

0 

~, 
010 

0° &V 

Media 

Fig. 20. Effect of media osmotically equivalent to the 8% sucrose medium at the onset of 

the in vitro tuberization on number of micro tubers formed ('Daeji'). Treatments 

with different letters are significantly different according to Bonferoni's 

comparison of means at the 0.001 level. 



0.6 

,......, 0.5 
~ -..c: 0.4 Cl 
'Q) 
~ 0.3 .... 
Q) 
.0 
:J - 0.2 0 .... 
u 
~ 0.1 

a 
Glucose (b) Fructose (b) Glucose+Fructose (a) 

Media 

Sucrose (a) 

Fig. 21. Average microtuber fresh weight in response to media osmotically equivalent to 

the 8% sucrose medium at the beginning of microtuberization step ('Iwa'). 

Treatments with different letters are significantly different according to 

Bonferoni's comparison of means at the 0.01 level. 

82 



0.7 

0.6 

0.5 
OJ 
'-' .... 
..c: 
OJ 0.4 'iii 
~ 
..... 
<I.l 
..c 0.3 :J .... 
0 ..... 
u 
~ 

0.2 

0.1 

0 
Glucose (c) Fructose (be) Glucose+Fructose (a) 

Media 

Sucrose (ab) 

Fig. 22. Average microtuber fresh weight in response to media osmotically equivalent to 

the 8% sucrose medium at the beginning ofmicrotuberization step ('Daeji'). 

Treatments with different letters are significantly different according to 

Bonferoni's comparison of means at the 0.01 level. 

83 



---~ 
c: 
.Q 
:; 
.c 
'c 
iii 
u 
:E 
Cl 
'iii 
~ .... 
Q) 
.c 
2 e 
0 

~ 

60 
50 
40 
30 
20 
10 

0 

~0 
c.P 

&oS 

84 

1I0.1-0.25g 

1110.25-0.5 9 

00.5-0.75 9 

00.75-1.0g 

III> 1.0 9 

Fig. 23. Fresh microtuber weight distribution in response to media osmotically equivalent 

to the 8% sucrose medium at the beginning of microtuberization step ('Iwa'). 
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to the 8% sucrose medium at the beginning ofmicrotuberization step ('Daeji'). 
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Fig. 25. Osmotic potential changes of media that were osmotically equivalent to the 8% 

sucrose medium at the beginning of the microtuberization step (,Iwa'). 
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microtuberization experiment (Fig. 25), that ofthe glucose medium continued to decline to a 

level substantially lower than that the sucrose medium in the same culture period. 

Although the fructose or fructose + glucose medium ended up with the similarly low levels 

of osmotic potential as the glucose medium, for much ofthe culture period, the osmotic 

potential ofthese two former media was higher than that ofthe glucose medium but was 

still substantially lower than that ofthe sucrose medium. Within the first 4 weeks ofthe 

microtuberization experiment with 'Daeji' plantlets, similar changes in the osmotic 

potential levels ofthe four media were observed (Fig. 26). The osmotic potential ofthe 

glucose medium was at lower levels than the fructose or a mixture of glucose + fructose 

medium from week 5 to the end of the microtuberization experiment. During the same 

culture period, the sucrose medium had higher osmotic potential levels than the other three 

media (Fig. 26). 

1.3.1.3 pH of the media changed during microtuber formation 

Time course of pH changes in the media (1.3 .1.1) with equivalent osmolarity at the 

beginning of the microtuberization step were measured to see any correlation with 

microtuber formation. Despite the different carbohydrates, the patterns of pH changes in 

the four media were similar during microtuberization experiments with 'I wa' (Fig. 27) and 

'Daeji' plantlets (Fig. 28). Overall the pH seemed to dip during the first 4 weeks, and then 

it went back up to pH nearly 5.5 by week 10. 

1.3.2 The effect of monosaccharide-containing media with carbon 
content that was initially equivalent to that of 8% sucrose 

1.3.2.1 Microtuber formation 

Microtubers were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' 2 weeks after 

transfer from the standard multiplication medium to the three different monosaccharide

containing media with carbon content that was initially equivalent to that of the 8% sucrose 

medium, in darkness. The number of micro tubers formed was largely similar (about 3 per 3 

plantlets) among the 4 different media (Table 4). 
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Table 4. Effect of media containing carbon contents that were initially equivalent to that of 

the 8% sucrose on number of microtubers formed after 10 weeks in the dark. 

Microtuber numbers produced per 3 plantlets per jar 

Media 'Iwa' 'Daeji' 

Glucose 2.60± 0.25 2.46 ± 1.12 

Fructose 3.01 ± 1.38 2.92 ± 0.57 

Glucose+Fructose 3.42 ± 1.03 2.92 ± 1.45 

Sucrose 2.75 ± 0.75 3.23 ± 0.52 

No significant difference was found among the treatments (ANOVA, p:C:;0.05) 



The 'Iwa' plantlets appeared to produce microtubers of similar size to those of'Daeji' in 

response to the different media initially containing monosaccharides with carbon content 

equivalent to that of 8% sucrose in the media (Figs. 29 and 30). 

The potato plantlets seemed to respond better to the medium initially supplied with a 

mixture of glucose and fructose or the standard 8% sucrose microtuberization medium 

than in media with glucose or fructose supplied singly, although the statistical analysis 

only supported this in the case of 'Iwa'. 
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From an examination of the frequencies of microtubers in different weight categories, it is 

clear that despite having the same carbon content at least initially the tuberization medium 

containing a mixture of glucose and fructose or the standard 8% sucrose medium rather 

than medium containing either glucose or fructose tended to favour the production of 

larger microtubers in both varieties (Figs. 31 and 32). Thus, for example, the frequency of 

microtubers heavier than 1.0 g was 0 in the case of single monosaccharide media, but was 

13%, when the 'Daeji' plantlets were cultured in the medium initially supplied with 

glucose and fructose (Fig. 32). 

1.3.2.2 Osmotic potential changes in the different microtuberization 
media used in 1.3.2 

The initial osmotic potential of the monosaccharide media was much higher than that of 

8% sucrose medium (Figs. 33 and 34). During the first 4 weeks of the microtuberization of 

the 'Iwa' plantlets, the osmotic potential of the sucrose medium increased while that of the 

other media decreased (Fig. 33). Then the osmotic potential ofthe sucrose medium 

decreased slightly before stabilizing at a relatively high level till the end of the 

microtuberization step. From week 5, the osmotic potential of the fructose medium was 

virtually the same as that of the sucrose medium in the same time period. The osmotic 

potential of the glucose medium continued to decline to levels lower than that of the 

sucrose or fructose media in the same culture period. The osmotic potential of the mixed 

glucose and fructose medium remained at the same levels but higher than other media 

from week 4 to week 7 before dropping sharply to a level close to that of other media. 
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Fig. 29 . Average microtuber fresh weight in response to media with carbon contents that 

were equivalent to that of the 8% sucrose medium at the beginning of the 

microtuberization step (,Iwa'). Treatments with different letters are significantly 

different according to Bonferoni's comparison of means at the 0.001 level. 
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One notable difference between the monosaccharide and the sucrose media, particularly 

during in vitro tuberization of 'Daeji' plantlets, was that the osmotic potential of the 

former remained higher than that of the latter throughout much of the microtuberization 

step (Fig. 34). 

1.3.2.3 pH of the media used in 1.3.2 changed during microtuberization 

99 

The possible relationship between the time course of pH changes and tuber growth was 

studied. There was a gradual decline in the pH of the media during the first 2-4 weeks, and 

then the pH rose gradually to a level similar to that at the start of microtuberization (Figs. 

35 and 36). Despite of the presence of different carbohydrates, there was no significant 

difference in pH changes among the different media and the overall trends were similar in 

'Iwa' and'Daeji'. 

1.3.3 Substitution of sucrose with maltose 
1.3.3.1 Effect on microtuberization 

Following 4 weeks of the standard plantlet multiplication protocol, the effects of culturing 

the plantlets in media containing 8% maltose which were osmotically equivalent to 8% 

sucrose on the number of microtubers formed, their average fresh weights and relative size 

distribution were investigated. 

Microtubers were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' 2 weeks after 

transfer from the multiplication medium to either sucrose or maltose medium. The number 

of micro tubers formed was similar (about 3 per 3 plantlets) in both treatments (Table 5a). 

The 'Iwa' plantlets appeared to form microtubers of similar size in response to the two 

osmotically equivalent media (Table 5b), but they produced bigger microtubers than 

'Daeji' plantlets in response to the 8% maltose medium. Both varieties responded 

similarly in the 8% sucrose medium. 

From an examination of the frequencies of micro tubers in different weight categories, it is 

clear that 'Iwa' plantlets tended to produce similar size distributions of micro tubers in both 

disaccharide media (Fig. 37). However, 'Daeji' plantlets appeared to react to the maltose 

medium by producing more microtubers in 0.1 to 0.25g category when compared to the 
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Table 5a. Effect of maltose and sucrose on microtuber number (a) and average microtuber 

weight (b). 

(a) Microtuber number (microtubers produced per 3 plantlets per jar) 

Media 'Iwa' 'Daeji' 

Sucrose 2.75 ± 0.75 3.23 ± 0.52 

Maltose 3.15 ± 0.64 3.00 ± 1.27 

(b) Average microtuber weight (g) 

Media 'Iwa' 'Daeji' 

Sucrose 0.49 ± 0.06 0.45 ± 0.09 

Maltose 0.54± 0.21 0.32 ± 0.05 

No significant difference was found among the treatments (ANOV A, p~0.05) 
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sucrose medium (Fig. 38). 

1.3.3.2 Osmotic potential changes of the 8% maltose medium 

The initial osmotic potential of the maltose medium was the same as that of the standard 

8% sucrose microtuberization medium. In the first five weeks during microtuberization of 

both 'Iwa' and 'Daeji' plantlets, there was little change in the osmotic potential of the 

maltose medium compared to the sucrose medium (Figs. 38 and 39). Then the osmotic 

potential of the maltose medium showed a steady decrease. 

1.3.3.3 Time course of pH changes in the 8% disaccharide media 

During first few weeks ofmicrotuberization of both 'Iwa' and 'Daeji' plantlets, the pH of 

both the maltose and sucrose media tended to decrease to a low point around 4 - 4.5 before 

returning gradually in the following weeks to the level at start of microtuberization (Figs. 

40 and 41). One exception was that the pH in the medium for 'Iwa' plantlets in sucrose did 

not change initially until week 4 (fig. 40). 

1.4 Effect of initial pH of the tuberization medium 

Following 4 weeks of the standard plantlet multiplication protocol, the effects of culturing 

the plantlets in media with an initial pH of 4.0 (low pH) or 8.0 (high pH) on the number of 

microtubers formed, their average fresh weights and relative size distribution were 

investigated. 

Microtubers were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' 2 weeks 

after transfer from the multiplication medium to media at initial pH either higher or lower 

than that of the standard microtuberization medium (PH 6.0). The number of micro tubers 

formed by 'Iwa' plantlets was similar (about 3 per 3 plantlets) in high pH or (3.14 per 3 

plantlets) in low pH treatments compared to 2.9 microtubers per 3 plantlets in standard 

medium (PH 6.0), whereas in the case of'Daeji' about 3.5 microtubers per 3 plantlets in 

high pH and about 5.3 microtubers per 3 plantlets in low pH medium were observed 

compared to 3.1 microtubers per plantlets in standard medium (PH 6.0). The statistical 

analysis indicated that significantly more microtubers were initiated by 'Daeji' plantlets in 
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response to the low pH medium (p:S0.05). 

The 'Daeji' plantlets appeared to be more sensitive to the variations of the initial pH of the 

tuberization than those of 'Iwa' as high or low pH treatments had adverse effects on 

the average weight of micro tubers formed in 'Daeji', but not in 'Iwa'(Figs. 42 and 43). 

The size distribution of microtubers formed by 'Iwa' plantlets was similar in all 

treatmentsdespite the differences in the pH of the media at the beginning of the 

microtuberization step (Fig. 44). By contrast, the size distribution of micro tubers formed 

by 'Daeji' plantlets was adversely affected by the high or low pH medium (i.e. more 

smaller tubers formed than in the standard tuberization medium), particularly when the pH 

of the medium was high at the onset of the microtuberization step (Fig. 45). 

1.5 Effect of old multiplication medium mixed with tuberization medium 

Following 4 weeks of the standard plantlet multiplication protocol, the multiplication 

medium was retained and then fresh microtuberization medium with varying 

concentrations of sucrose ranging from 4 to 20% (w/v) was added. The actual sucrose 

content in each jar was lowered following addition of the appropriate sucrose-containing 

tuberization medium, as there was a 20 ± 3% increase in combined volume of both media. 

The number of microtubers formed, their average fresh weights and relative size 

distribution were recorded after 10 weeks of culture. 

Microtubers were initiated in the plantlets of both varieties 'Iwa' and 'Daeji' within 2 

weeks of transfer from the multiplication medium to a wide range of sucrose-containing 

new media mixed with the retained old multiplication medium. The number of 

microtubers formed was similar (about 3.5 per 3 plantlets) when 'Iwa' plantlets were 

cultured in most sucrose treatments (Table 6) but was slightly lower (about 2.9 per 3 

plantlets) in the 16% sucrose medium. The 'Daeji' plantlets reacted differently to the 

different mixed media as more microtubers were formed (Table 6) in response to the '20%' 

sucrose medium. 

A reduction in microtuber size was observed when 'Iwa' or 'Daeji' plantlets were cultured 

in media other than '12%' sucrose medium (Figs. 46 and 47). 

From an examination of the frequencies of microtubers in different weight categories, it is 
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Table 6. Effect of old multiplication medium mixed with fresh tuberization medium. 

(Number of microtubers produced per 3 plantlets per jar) 

Media 'Iwa' 'Daeji' 

4% Sucrose 3.71 ± 0.57 3.66± 0.26 

8% Sucrose 3.60 ± 1.60 2.66± 1.50 

12% Sucrose 3.60 ± 1.37 2.70± 1.78 

16% Sucrose 2.88 ± 0.61 4.33 ± 0.33 

20% Sucrose 2.70 ± 1.34 4.88± 1.86 

No significant difference was found among the trea,tments (ANOVA, p:S;0.05) 
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Fig. 47. Effect of mixing old multiplication medium mixed with fresh tuberization 

medium on average fresh microtuber weight ('Daeji '). Treatments with different 

letters are significantly different according to Bonferoni's comparison of means 

at the 0.001 level. 
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clear that the '8%' and 12% sucrose media tended to favor the production of larger 

microtubers in both varieties (Figs. 48 and 49). In particular, culturing in the '20%' sucrose 

medium led predominantly to the production of smaller tubers, and microtubers heavier 

than 1.0 g were not formed in the case of 4, 16, 20% sucrose media. 

1.6 Effect of periodically refreshing the standard tuberization medium 

The standard tuberization medium was discarded and replaced with fresh medium of the 

same composition at 1,2,3,4,5 week intervals. All cultures were harvested at week 10, 

and the number of microtubers formed, their average fresh weights and relative size 

distribution were determined. In both 'Iwa' and 'Daeji' replacing medium, particularly 

every 1 or 2 weeks, tended to increase the number of micro tubers formed compared to the 

standard microtuberization protocol without medium change for the entire 10 weeks (Figs. 

50 and 51). Also the effectiveness of replacing the medium in promoting the number of 

microtubers formed seemed to decrease with a decrease in the frequency of medium 

replacement. 

Overall, replacing the medium during microtuberization appeared to have a positive effect 

on the average microtuber weight achieved compared to the standard microtuberization 

protocol. Both varieties displayed remarkably similar responses to the medium 

replacement manipulation (Figs. 52 and 53). In contrast to the effect on microtuber 

number, replacing the medium after 3 weeks rather than after 1 or 2 weeks seemed to have 

a significant positive effect on the average microtuber weight at least in the case of'Iwa' 

plantlets (Fig. 52). 

From an examination of the frequencies of microtubers in different weight categories 

(Figs. 54 and 55), it can be seen that medium replacement do not appear to have a 

substantial effect on the size distribution of microtubers formed. 

A major phenotypic change resulted from medium replacements as longitudinal shaped 

microtubers were observed in most cases of replacement compared to round shaped 

microtubers observed in the standard tuberization treatment (Fig. 56). 
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Fig. 51. Effect of medium replacement on number of micro tubers formed ('Daeji'). 

Control= no medium change for entire 10 weeks of the microtuberization step. 
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Bonferoni's comparison of means at the 0.05 level. 
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Fig. 52. Effect of periodical medium replacement on average fresh weight of microtubers 

(,Iwa'). Standard protocol= no replacement. Treatments with different letters are 
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Fig. 56. A longitudinal shaped microtuber (1.,) obtained by periodic medium replacement 

trealment during microtuberization compared 10 a round shaped microtuber (R) 

by the standard tuberization prolocol. 
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2. Manipulations during the plantlet multiplication phase: effects on the 
cultures during multiplication 

2.1 Standard plantlet multiplication medium containing 3% sucrose 
2.1.1 Plantlet development 

In the stationary liquid medium, 2-nodal potato shoot explants of both 'Iwa' and'Daeji' 

developed into in vitro plants with an upright vigorous shoot and well-developed, long 

green root after 4 weeks under continuous illumination. Both fresh and dry weights of the 

plantlets increased during culture (Figs. 57 and 58). 

2.1.2 Changes in the medium during potato plantlet development 
2.1.2.1 Soluble proteins 

During 'Iwa' plantlet development, the concentrations of soluble proteins increased in the 

medium, particularly between weeks 3 and 4. This increase appeared to slow down after 4 

weeks of culture (Fig. 59). 

2.1.2.2 Carbohydrates 

Preliminary paper chromatographic analysis of the medium revealed that the level of 

sucrose initially present at the beginning of culture changed during plantlet development. 

This was confirmed in the following HPLC analysis of the media for growing 'Iwa' and 

'Daeji' plantlets (Figs. 60 and 61). 

After 2 weeks of culture, glucose and fructose were detected in addition to sucrose. After 4 

weeks in culture, sucrose completely disappeared from the medium with the further 

increase in the levels of glucose and fructose therein. The monosaccharides appeared to be 

present together in similar amounts in the medium. 

2.1.2.3 Invertase activity in the medium 

Invertase activity could be detected in the medium after 2 weeks of culture of'Iwa' plantlets. 

The dependence ofthe enzyme activity on the pH of enzyme assays is shown in Fig. 62. A 

major peak of activity was detected at around pH 5.0, indicating that the sucrose-cleaving 
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activity in the multiplication medium was an acid invertase. 

The activity of invertase in the medium during growth of'Iwa' plantlets increased sharply 

reaching a maximum level after 3-4 weeks in culture (Figs. 63 and 64). Subsequently 

beyond the typical plantlet multiplication step the activity seemed to decrease. 

2.1.2.4 Change in the pH of the multiplication medium 

While the pH of the medium was initially adjusted to pH 5.8 which is close to the pH 

optimum for invertase activity in the medium, it was of interest to see if this remained so 

throughout the culture period during development of'Iwa' and 'Daeji' plantlets and 

invertase development in the medium. The pH of the multiplication medium was measured 

every week for 4-5 weeks of culture. There was a gradual decline of pH during the first 3 

weeks of culture. After 3 weeks, the pH increased slightly (Figs. 65 and 66). 

2.1.2.5 Osmotic potential 

Osmotic potential of the medium rose during development of'Iwa' plantlets (Fig. 67) until 

week 4 before dropping rapidly when the multiplication stage was prolonged beyond the 

typical experimental period up to 6 weeks. The pattern of osmotic potential changes in the 

medium during development of'Daeji' plantlets appears to be different (Fig. 68). There 

was an initial increase in osmotic potential which then remained the same throughout 

plantlet development before starting to decrease a week after the end of the multiplication 

stage. 

2.2 Effects of variations to the standard multiplication medium 
2.2.1 Different carbohydrate media for plantlet multiplication 
2.2.1.1 Comparison of plantlet weights 

When the standard multiplication medium was modified to contain no sugar or 3% (w/v) 

maltose instead of sucrose, it was found that sucrose was not required for the 2-nodal 

potato shoot explants of both varieties under continuous illumination in a stationary liquid 

medium. The fresh weight of plantlets increased markedly within 3 weeks of culture 

(Figs. 69 and 70). 
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The plantlets in sucrose and maltose media had thicker and stronger stems compared to the 

weak appearances of the plantlets developed in sugar-free medium. 

2.2.1.2 Time course of soluble protein changes in different carbohydrate 
media ('Iwa') 

Soluble protein contents of all 3 media increased during plantlet development (Fig. 71). 

By week 4 of culture, there was little difference in the protein contents of the 3% sucrose

and 3% maltose-containing media. However, the sugar-free medium appeared to have 

lower levels of soluble proteins. 

2.2.1.3 Time course of carbohydrate changes ('Iwa') 

No sugar was detected in the modified multiplication medium without any added sucrose 

during plantlet multiplication. Maltose was apparently retained up to 4 weeks of culture in 

the medium supplemented with 3% (w/v) maltose in which little or a negligible amount of 

glucose was sometimes detected (Fig. 72). 

2.2.2 Effect of replacing medium during multiplication on growth of 
plantlets 

At the end of the multiplication step (i.e. after 4 weeks of culture), the plantlets grown in 

the medium that was replaced at the end of week 2 had developed thicker and stronger 

stems than those from the standard multiplication protocol. The fresh weights of the 'Iwa' 

and 'Daeji' plantlets from the medium that was replaced were also substantially greater 

than those in the standard multiplication protocol (Figs. 73 and 74). However, there was 

little difference in the dry weights of the plantlets between the two treatments at this point. 
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2.2.3 Effect of manipulations during multiplication phase on 
microtu berization 

2.2.3.1 Influence of carbohydrates in multiplication media on 
microtuberization under standard conditions 
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The effects of prior culturing of the plantlets in multiplication media containing different 

carbohydrates on the number of microtubers formed, their average fresh weights and 

relative size distribution following 10 weeks of the standard microtuberization protocol 

were investigated. 

Visual examination suggested that the thicker and more vigorous shoots transferred from 

the multiplication media containing carbohydrates seemed to form more microtubers 

which were bigger than those formed by the thin and weak shoots transferred from sugar

free multiplication medium. The number of micro tubers formed by 'Iwa' or'Daeji' 

plantlets was found to be similar (about 3 per 3 plantlets) in the standard 8% sucrose

containing microtuberization medium regardless of whether the plantlets were transferred 

from the carbohydrate-free or the 3% maltose, or the standard 3% sucrose-containing 

multiplication media (Table 7). 

The standard protocols, i.e. the transfer of 'Iwa' and plantlets from the standard 

multiplication medium containing 3% sucrose to the standard microtuberization medium 

containing 8% sucrose led to the highest average microtuber weight when compared to the 

transfer from the modified multiplication medium containing no sugar or 3% maltose to 

the standard microtuberization medium (Fig. 75). It is also interesting to note that these 

latter two protocols had virtually indistinguishable effects as far as average microtuber size 

is concerned. In the case of the same experiments with 'Daeji', the statistical analysis 

revealed no significant differences among the 3 treatments (Fig. 76; p:::;0.05). 

From an examination of the frequencies of micro tubers in different weight categories (Fig. 

77 and 78), it is clear that both the 'Iwa' and 'Daeji' plantlets transferred from the 

multiplication medium containing 3% sucrose, the concentration used in the standard 

multiplication medium, tended to form larger microtubers and fewer of the smaller ones 

when compared to the other two protocols (Figs. 77 and 78). 



Table 7. Effect of different plantlet multiplication media on the number of microtubers 

formed in 8% sucrose tuberization medium. 

Number of micro tubers formed per 3 plantlets per jar 

Multiplication medium 'Iwa' 'Daeji' 

treatments 

Sucrose-free 2.33 ± 1.06 2.20 ± 1.06 

Maltose 3.l6 ± 1.56 2.80 ± 0.62 

Sucrose 2.70 ± 0.23 3.20 ± 0.62 

No significant difference was found among the treatments (ANOVA, p:S0.05) 
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Fig. 76. Effect of different plantlet multiplication media on average fresh weights of 

microtubers harvested at the end of the standard microtuberization step 

CDaeji'). No significant difference was found among the treatments (ANOVA, 

p~O.05) 
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Fig. 77. Effect of different multiplication media on fresh weight distribution of 

microtubers harvested at the end of the standard microtuberization step (,Iwa'). 
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2.2.3.2. Effect of replacing medium during multiplication on 
microtu beriza tion 

Following 10 weeks of the standard microtuberization protocol, the effects of prior 

culturing the plantlets on multiplication media that were replaced during potato plantlet 

multiplication on the number of microtubers formed, their average fresh weights, and 

relative size distribution, were investigated. 
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In both 'Iwa' and 'Daeji' cultivars, replacing the multiplication medium did not seem to 

have a substantial effect on the number oftubers formed in the subsequent standard 

tuberization protocol (Table 8). The thicker and more vigourous shoots resulting from 

replacing the multiplication medium of 'Iwa' and 'Daeji' plantlets, led to the subsequent 

formation of larger microtubers (Fig. 79) than found on the plantlets grown in the standard 

multiplication multiplication protocol (i.e. the medium was not changed). 

An examination of the frequencies of micro tubers formed by 'Iwa' or 'Daeji' plantlets in 

different weight categories revealed that replacing the medium during the standard 

multiplication step led to the production of some microtubers heavier than 2.0g (Figs. 80 

and 81). This category was rarely observed in other treatments including the standard 

multiplication and microtuberization protocols. 



Table 8. Effect of medium replacement during multiplication on the number of 

microtubers formed at the end of the standard microtuberization step. 

Medium treaments 'Iwa' 'Daeji' 

Replaced 3.20 ± 1.31 3.23 ± 1.35 

Standard protocol 2.71 ± 0.23 2.90 ± 0.76 

No significant difference was found among the treatments (ANOV A, p:"S0.05) 
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3. Ultrastructural Observations 

In the course of this study, several observations seem to deserve more in-depth 

physiological and biochemical investigations. First, some parts of the stem and leaves of 

plantlet were submerged in the liquid multiplication and microtuberization medium. 

Second, at the end of the plantlet multiplication step, the roots turned green and some 

remained so in the subsequent microtuberization step. Third, some white clusters of cells 

became floating freely in the medium during the microtuberization step. The implications 

of these observations for the efficiency of plantlet growth or microtuberization are 

unkown and could be significant. In the present study, it was decided to conduct an 

ultrastructural survey with particular emphasis on the features of chloroplasts or plastids 

in the various tissues of 'Iwa'. 

3.1 Stem and leaf of in vitro potato plantlets grown in liquid 
medium 

The upright, vigorous shoot tissues of plantlets that were above the liquid medium surface 

at the end of the standard multiplication step had well-developed chloroplasts with typical 

ultrastructural features (Plates 1 and 2). The granal stacks were relatively small and the 

grana formed irregular continuous stacks, interconnected by stroma thylakoids. Within the 

stroma plastoglobuli were found (Plate 1). In the stem, granal stacks of the chloroplasts 

displayed a few large continuous stacks mostly regular in shape, occupying most of the 

org<melle (Plate 2). Plastoglobuli were also found. In the chloroplasts of both leaf and stem, 

no starch grains were found. 

3.2 Stem and leaf cells submerged in liquid medium at the end of 
the standard multiplication step 

Some chloroplasts in green stems that had been submerged in liquid medium throughout 

the multiplication step possessed starch grains (Plate 3). The matrix of chloroplasts 

contained plastoglobuli. Microbodies 
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Microbodies were also observed alongside chloroplasts (Plate 4). Chloroplasts were also 

found in the parenchyma of leaves that were submerged in liquid medium, but 

ultrastructural features appeared to be in a more compressed state. In these chloroplasts, the 

granal stacks were mostly parallel to the long axis of the organelle (Plate 5). They 

represented a type of chloroplast that contained less developed thylakoids and plastglobuli 

(Plate 6) than those found in the non-submerged stem. 

3.3.1 Stem and leaf after microtuberization in liquid medium in 
the dark 

Amyloplasts with large starch grains were dominant in stem or leaf submerged in liquid 

medium at the end of the standard microtuberization step. The amyloplast had an irregular 

appearance (Plates 7a and 7b). 

3.3.2 Green roots in liquid tuberization medium 

At the end of 10 weeks of the standard microtuberization step, some roots that remained 

green and some were white. Both types of roots were harvested for TEM study. Green 

roots maintained their typical root anatomy. The cortical cells contained abundant 

chloroplasts, mostly plano-convex in shape, located at the periphery of the cell (Plates Sa 

and Sb). These showed typical cortical cell ultrastructure. Their chloroplasts had well

differentiated thylakoids, plastoglobuli and starch grains. Granal stacks were more 

abundant, while some had a complex and irregular shape. Overall the chloroplasts found in 

the green roots were very similar to the chloroplasts found in leaves. 

In contrast, the plastids of cortical cells from non-greened roots remained largely 

undifferentiated and in some cases had starch granules. Within the stroma matrix of the 

plastid ovoid starch grains were often surrounded by an electron transparent zone (Plate 9). 

Dictyosomes were typical of storage parenchyma cells from active and young tissues, and 

showed vescicles of varied sizes (Plate 10). 
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3.3.3 Microtubers in liquid medium 

In non-greened microtubers in liquid medium in the dark, the plastids of tuber cells 

remained largely undifferentiated and had large starch grains which suggests some 

organelles were destroyed by the long-term dark period. Microbodies had a granular matrix 

with a crystalloid center (Plates 11 and 12). Mitochondria (Plate 12) had cristae, and a 

matrix with a low electron density, which is characteristic of those from inactive or aged 

tissues. 

In secondary microtubers, ovoid amyloplasts had a larger stromal volume with wide 

electron transparent zone and the lamellae were more or less parallel to each other (Plate 

13). Mitochondria had a more electron dense matrix and more well-developed cristae 

suggesting that they were functionally active organelles. The space between lamellae was 

very narrow. Starch granules showed irregular shapes. 

3.3.4 Floating cells in liquid tuberization medium 

Oval amy lop lasts were found in cells floating in liquid microtuberization medium. They 

contained large starch grains, which had irregular shapes (Plate 14). The amyloplast 

envelopes were less tortuous. Other organelles were also clearly evident. The origins of 

these non-green cells remained obscure. 
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IV. Discussion 

The advantages of studying the manipulations of media on the plantlet multiplication or 

microtuberization step separately become clear in the following discussion on the major 

findings ofthe present study. 
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1. Is sucrose superior to glucose or fructose for potato microtuberization? 

There are studies comparing the effects of different carbohydrates on potato 

microtuberization although there is no clear explanation in the literature on the functions 

of carbohydrates in microtuberization medium compared at concentrations ranging from 4 

to 12% (Chandra et al. 1988). 

For example, it was observed that 8% sucrose was optimal for the development and 

growth of microtubers, while smaller microtubers were obtained on medium containing 

glucose or fructose, and none on that containing mannose or mannitol (Khuri & Moorby 

1995). These authors also observed that fewer microtubers were produced on glucose than 

sucrose medium. Previous studies did not examine the microtuberization response of well

grown in vitro potato plantlets to different carbohydrates. In particular, it has not been 

established whether sucrose is superior to its constituent sugars, glucose and fructose. 

Hence in this present study, the effects of glucose and fructose on potato microtuberization 

were studied singly or as a mixture of glucose and fructose and compared to sucrose in the 

standard tuberization medium (Fig. 19-24). 

In addition, two possible criticisms of this type of study were addressed. To avoid any 

initial difference in osmotic potential or carbon content among the different media, the 

three monosaccharide-containing media were adjusted to be osmotically or carbon content 

equivalent to the standard tuberization medium containing 8% sucrose. The results on 

microtuber number and average microtuber weight did not show any clear advantage of 

the sucrose-containing medium over the other three monosaccharide-containing media. 

However, an examination of the microtuber size distribution revealed that while there was 

no difference between the sucrose- and the glucose + fructose-containing media, they were 

superior to the glucose-containing medium as they favored the formation of more larger 

microtubers than the latter medium. The effect of the fructose medium more resembled 
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that ofthe sucrose- or the glucose + fructose-containing medium. Taken together, our 

results seem to indicate that the invertase-mediated hydrolysis of sucrose in the standard 

tuberization medium is not essential for microtuberization. 

2. Can another disaccharide replace sucrose in the standard 
tuberization medium? 

Most potato (Solanum tuberosum L.) anther culture protocols recommend sucrose as the 

sole carbon source (Sopory 1979; Wenzel et al. 1983). However, some studies have 

suggested that sucrose may not be the ideal carbohydrate for all tissue culture systems 

(Ben-Hayyim & Neumann 1983; Fowler 1978; Keller et al. 1975; Kochba & Speigel-Roy 

1973). In particular, maltose (an a 1-4 linked glucose disaccharide) has been found to 

improve embryo induction and development in anther culture of petunia (Raquin 1983), 

somatic embryogenesis of alfalfa (Medicago sativa) (Strickland et al. 1987) and anther 

culture in potato (Batty and Dunwe1l1989) and in a number of other species, particularly 

conifers. 

In this study, similar tuberization results were obtained with maltose medium and the 

standard sucrose-containing tuberization medium (Table 4(a), 4(b); Fig. 37). Khuri & 

Moorby (1995) investigated microtuberization on media supplementied with 4% sucrose 

and one of the following sugars: sucrose, maltose, glucose or fructose, while adjusting the 

initial osmotic potential of the media to be equivalent to 8% sucrose. They found that 

significantly fewer microtubers formed on media with 4% sucrose supplemented with 

monosaccharides or maltose than with sucrose (equimolar media). However, their 

experiments were more complicated than ours for direct comparison. Particularly, there are 

two different aspects of experimental design. Firstly, in their study, the effect of a mixture 

of sucrose and maltose was studied, not maltose alone. Secondly, maltose was supplied in 

the media right from the beginning of plantlet multiplication rather than from the onset of 

microtuberization (this study). 

There have been, however, few suggestions as to why the sucrose and maltose could have 

different effects upon the various plant tissues under in vitro conditions. 

In biochemical terms the observations are unusual, since sucrose is the major carbohydrate 
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source supplied to non-photosynthetic plant tissues in vivo, and, hence, it would be 

expected to be the optimum carbohydrate source for supporting growth of plant tissues in 

vitro. Furthermore, when sucrose is supplied to non-photosynthetic plant tissues, it is 

frequently hydrolyzed by cell wall invertases to glucose and fructose which then enter the 

cells in which sucrose is metabolized (Lucas & Madore 1988). Hence, glucose and 

fructose would also be expected to be good carbohydrate sources for supporting growth of 

cultured plant cells. In contrast, maltose is not known to be supplied to non-photosynthetic 

plant cells; therefore, it would not be expected to be a better carbohydrate source for the 

culture of plant tissues than sucrose, glucose or fructose. 

The effect of substituting sucrose with maltose or other sugars in a liquid medium on the 

response of wheat anther culture was investigated (Datta & Wenzel 1987). Maltose instead 

of sucrose, glucose or fructose in the culture medium led to increase in the number of 

embryos or plants regenerated from cell cultures. They measured sugar concentrations in 

the culture media indicating that sucrose was rapidly hydrolyzed much earlier than 

maltose. From our experiment, a negligible amount of glucose was detected up to 

harvesting time from the maltose medium by paper chromatography. So it is assumed that 

extracellular maltose was absorbed through the cell membrane except for a little 

hydrolysis in the medium during microtuber growth. 

3. Invertase activity in culture media 

From the time course observation, invertase activity increased during rapid growth of 

microtubers and then decreased when rapid growth of microtubers stopped (Fig. 6). 

Invertase (a-D-fructofuranosidase, E.C. 3.2.1.26) is a highly polymorphic glycoprotein 

that cleaves sucrose into hexose sugars (Myrback 1960). Investigation of plant tissues has 

revealed more than one activity of invertase on the basis of pH optima, isoelectric points, 

solubility characteristics and intra or extra-cellular localization. On the basis of pH optima, 

plant invertases can be broadly divided into two groups, acid and alkaline enzymes. The 

soluble alkaline invertase is thought to reside in the cytoplasm (Ricardo & ap Rees 1970). 

Two types of acid invertases have been described: a soluble (vacuolar) and a particulate 

form (apoplasmic or cell-wall bound enzyme). The physiological role of acid invertases in 



181 

plants is complex and may change in response to developmental (e.g. Strum et al. 1995) 

and environmental signals such as wounding (Matsushita & Uritani 1974; Strum & 

Chrispels 1990) or gravitopism (Wu et al. 1993) and pathogen infection (Strum & 

Chrispeels 1990; Benhamou et al. 1991; Scholes et al. 1994; Wright et al. 1995; Tang et 

al. 1996). 

In the case of cultured cell, the enzyme is secreted into the medium (Thomas et al. 1981; 

Thorpe & Meier 1973; Zamski &Wyse 1985; Masuda et al. 1988). Two extracellular 

invertases were found in the growth medium of the suspension cultures which were 

probably identical to those in the soluble fraction of callus and seedlings of sugar beet. 

Extracellular invertase activity in the medium appeared on day 3, when the cells had begun 

logarithmic growth, and thereafter increased steadily, although its activity was low. These 

authors suggest that some of the soluble acid invertase passes through the plasma 

membrane and then some binds to the cell wall, while the rest is secreted into the medium. 

Furthermore, one of the two invertases, which was found only in the medium, might be 

secreted directly, and not via the wall, into the medium. Both extracellular invertases had 

an optimum pH of 5.0, but showed different profiles of activity with changes in pH. Thus, 

these authors concluded that the invertase found in the medium might be present in a 

soluble form, and bound to the cell wall, in intact plants. 

In the present study, the enzyme detected in the multuplication and tuberization media was 

of the acid type (Figs. 5 and 62), because the stem and roots submerged in the medium 

seemed to have invertase with two optimal activities at around pH 4 (Fig. 7). This suggests 

that there might be a preferential release of acid invertase from the submerged tissues to 

the medium. 

Analysis by SDS-PAGE of crude protein preparations from liquid medium revealed a 

dominant protein band, which had an apparent molecular mass of 30 kD. Interestingly, 

invertase from tubers and leaves of potato detected on SDS-PAGE also had a molecular 

mass of 30 kD (Burch et al. 1992). The most satisfactory method to detect invertase 

isozymes after non-denaturing gel electrophoresis involved the use of an axillary 

chromogenic system. The gel slabs immersed in soluble staining system overnight showed 

a single stained band with a pI of 6.75 on the upper side of the gel (Fig. 8). A similar band 
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appeared to be present in root and stem and in the multiplication medium. A potential 

biotechnological application from this observation is that the spent tuberization medium or 

plantlet multiplication medium or potato plantlets in vitro could be a source of a particular 

isozyme of invertase. 

Sonnewald et al. (1997) found that expression of yeast invertase in the cytosol of potato 

plant cells led to a reduced tuber size and an increase in tuber number per plant, whereas 

accumulation of enzyme in the apoplast resulted in a marked increase in tuber size and 

decrease in tuber number. It was suggested that manipulating sugar levels in various 

subcelluar compartments can have profound effects on sink organ development and that 

manipulating sugar-metabolism can increase sink size. All have important 

biotechnological implications. 

Sucrose breakdown can occur through two possible pathways in the plant. Sucrose can be 

broken down into glucose and fructose by invertase (~-D-fructofuranoside 

fructohydrolase, EC 3.3.3.26). It can also be broken down into fructose and UDP-glucose 

by sucrose synthase (UDP-D-Glc:D-Fru 2-a-D-glucosyltransferase, EC 2.4.1.13) (Avigad 

1982; Morel & ap Rees 1986). 

In liquid medium we found accumulation of the same amounts of glucose and fructose 

while sucrose level was declining, suggesting that invertase, rather than sucrose synthase, 

was acting on sucrose in the medium during plantlet development or microtuber growth. 

During the first 3 or 4 weeks, the pH of the plantlet multiplication or microtuberization 

medium respectively dropped toward being more acidic. This means the medium was 

more optimal for the acidic invertase activity therein and this was therefore probably the 

cause of the rapid sucrose hydrolysis at 2-6 weeks. 

It can be argued from the time course of invertase activity (Fig. 6) that the initial increase 

was a response to the presence of sucrose in the medium. When the sucrose disappeared 

from the medium during tuberization or plantlet growth, the increase in enzyme activity 

stopped suggesting that the plantlets can produce and/or release the invertase into the 

medium in response to the sucrose as the required stimulus. Thus the time course of 

invertase activity correlates with the changes in sucrose status of the medium rather than 

with plantlet growth or microtuber growth. 
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4. Relationship between osmotic potential changes in culture media and 
microtuberization and plantlet multiplication 

From the first report (Barker 1953) until recently, microtuberization was studied mostly 

using sucrose in the medium as an energy source for developing tubers. Few researchers 

investigated the possible osmotic role played by sucrose. One popular experimental 

approach has been to substitute other carbohydrates for sucrose, particularly sugar 

alcohols, in the tuberization medium. Fung et al. (1972) cultured etiolated stolon nodes on 

White's medium (1943) to which sucrose was added at 2,8 or 12%. The osmotic 

potentials of the media were made equal using different concentrations of mannitol. Later, 

it was found that mannitol inhibited microtuberization (Garner 1987). 

The use of each of four exogenous sugars or sugar alcohols as an osmoticum (sucrose, 

glucose, mannitol and sorbitol) is widely accepted in plant tissue culture work, although 

each is favored for different applications. Glucose is recommended by a number of 

workers as a very suitable exogenous sugar for routine tissue culture work (Gamborg et al. 

1975; Michayluk and Kao 1975; Evans et al. 1980). Other workers favor sucrose as a 

exogenous sugar for routine tissue culture (Murashige and Skoog 1962; Shepard and 

Totten 1977; Bidney and Shepard 1980; Shahin and Shepard 1980). Sucrose alone is 

favored for regeneration of Solanum (Gleddie et al. 1983; Mukherjee et al. 1991), 

compared to combinations of glucose and mannitol, or glucose and fructose. Sorbitol was 

found to be beneficial in culturing meristem tip explants of Malus robusta when glucose, 

sucrose and fructose proved unsuitable (Pua and Chong 1984), although in this case the 

sugar alcohol was not intended primarily as an osmoticum. It has also been useful in 

improving apricot culture (Marino et al. 1989, 1993). Mannitol is metabolized in some 

plants (Trip et al. 1964; Tholakalabavi et al. 1994) and is taken up by potato plants in vitro 

and transported to the shoot (Lipavska and Vreugdenhil 1996); however, for other plants, 

mannitol is regarded as an inert osmoticum (Oparka and Wright 1988; Wright and Oparka 

1990; Do and Cormier 1991). 

Khuri & Moorby (1995) reported osmolarity of base medium as 4% sucrose supplemented 

with additional sucrose (4%), maltose (4% equivalent osmotically to that of sucrose), 
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glucose (4% equivalent osmotically to that of sucrose) or fructose (4% equivalent 

osmotically to that of sucrose), with an unsupplemented 4% sucrose as a control. The base 

medium was one on which Solanum tuberosum cv. Estima explants were grown for 12 

weeks comprising the plantlet multiplication and in vitro tuberization stages. The osmotic 

potential of all media rose slightly until week 9, but by week 12 it was the same as that at 

week 1. 

Two possible criticisms can be directed again these earlier studies. Firstly, although many 

attempts were made to adjust the different media to have the same osmotic potential, there 

was no consideration (except the study of Khuri and Moorby 1995) given to the possiblity 

that the osmolarity of the media might become different during culture. Second, there was 

no attempt to compare the changes in osmolarity of the media separately during plantlet 

multiplication and tuberization. 

Many researchers suggested that microtuber induction might depend on the osmotic shock 

of high sucrose solution. In the present study, microtubers were initiated in the presence of 

a wide range of sucrose concentrations. 

Osmotic potential of the standard tuberization medium rose between 2 to 5 weeks before 

dropping slightly to a steady level until harvest. This pattern of osmotic potential changes 

seemed to correlate with microtuber growth. However, an examination of the osmotic 

potential changes in other media investigated here casts doubt on the overall significance 

of osmotic potential changes in the tuberization medium in relation to microtuber initiation 

and growth. For example, in the tuberization medium 8% maltose, the pattern of osmotic 

potential was different from that of the 8% sucrose medium, to the marked increase of 

microtuber fresh weight within 7 weeks of culture. Osmotic potential changes in 

multiplication medium was well matched with plantlets biomass increase in the first 4 

weeks of culture. It dropped rapidly when that stage was prolonged up to 6 weeks. It was 

assumed that glucose and fructose were utilized as a carbon source for the plantlet growth 

after sucrose hydrolysis. 

5. Correlation between time course of carbohydrate changes and that of 
microtuber growth and plantlet growth 



Sucrose hydrolysis has been widely reported in cell culture media (Maretzki et al. 1974; 

Thomson & Thorpe 1987; Tremblay & Tremblay 1995) and in media for 

micropropagation (George 1993). 
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Here, compositions of sugar in the standard microtuberization medium also exhibited 

remarkable changes (Figs. 3 and 4) during the rapid phase of microtuber growth (Fig. 2; 

week 3 to week 6) as did the compositions in the standard multiplication medium (Figs. 60 

and 61) during planlet growth (Figs. 57 and 58). 

After 6 weeks of culture, sucrose in the tuberization medium was almostcompletely 

converted to glucose and fructose, which were present in similar proportions. The 

cessation of further microtuber growth seems to correlate with the disappearance of 

sucrose rather than the depletion of carbohydrate from the medium per se. 

Breakdown of maltose in the medium could be expected to yield two glucose molecules, 

but the paper chromatographic result showed maltose in the medium remained mostly 

intact up to 10 weeks, a finding similar to that in the study ofKhuri & Moorby (1995). 

This indicates that there was negligible breakdown of maltose and maltose was utilized via 

another metabolic pathway to support the development of microtubers. 

6. Possible interaction between carbohydrate levels in tuberization 
medium and gibberellin levels in stolon tips 

Phytohormones, particularly gibberellins (Gas), have been suggested to playa prominent 

role in control oftuberization (Ewing 1987; Vreugdenhil and Struik 1989). Exogenous 

application of GA promotes stolon elongation and inhibits tuber formation (Smith & 

Rappaport 1969; Kumar & Wareing 1972). It has also been reported that decline of GA 

activity in potato (Solanum tuberosum L.) plants is associated with tuberization (Okazawa 

1959, 1960; Smith & Rappaport 1969; Pont Lezica 1970; Railton & Wareing 1973; Krauss 

& Marschner 1982). Although the inhibiting effect of GA on potato tuberization is well 

studied, the interaction between GA and other regulating factors on the control of 

tuberization is still a matter of debate. 

Xu et al. (1998) reported much higher levels of GAl in the tip of stolons growing in media 
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with 1 % sucrose, than with 8% sucrose, suggesting that sucrose could modulate 

endogenous GA levels in the stolon tip. The significance of this finding lies in another 

observation that endogenous GAl level was high during stolon elongation and remained 

high under non-tuber-inducing conditions but decreased when stolon tips started to swell 

under tuber-inducing conditions. Thus GAl levels in the stolon tips were negatively 

correlated with sucrose concentration in the medium indicating that the endogenous GA 

levels could be closely associated with the sucrose concentration in the medium. 

It is possible that sucrose acts as a regulator by influencing endogenous GA levels during 

tuber formation. 

Evidence supporting the role of sucrose as an regulatory signal includes a study increasing 

the level of sucrose in the stolons by antisense expression of the ADP-Glc 

pyrophosphorylase cDNA and thus preventing starch formation in the tubers. This led to 

an increased number of tubers being initiated, even though they did not grow very large 

(Muller-Rober et al. 1992). 

The present study the result of varying sucrose levels in the standard tuberization medium 

is consistent with the idea that different levels of sucrose in the medium could modulate 

GA levels affecting tuber formation. 

Since sucrose in the medium was actually hydrolyzed during tuber initiation and the active 

phase of microtuber growth (e.g. Fig. 4), the idea that sucrose in the medium could 

modulate GA levels associated with tuberization should be refined further to include the 

uptake of glucose and fructose from the medium as being an integral part of the signalling 

pathway. This is certainly consistent with the results of our experiments of supplying 

glucose and fructose instead of sucrose in the medium right from the start of the 

tuberization step (Fig. 19). 

7. Effect of medium-replacing treatments 

Replacing the medium during microtuberization appeared to have a positive effect on in 

vitro tuberization of both potato cultivars when compared to the standard 

microtuberization protocol (Figs. 51-55). In both cultivars, it was observed that medium 

replacement during in vitro tuberization tended to favour the production of more larger 
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microtubers. In particular, more microtubers were formed in the category of 1-2 g when 

the medium was replaced every 3 weeks, in comparison with the standard 

microtuberization protocol with one medium lasting for 10 weeks (Figs. 54 and 55). 

Replacing the multiplication medium did not seem to have a substantial effect on the 

number of tubers formed in the subsequent standard tuberization protocol (Table 8). 

However, in both 'Iwa' and 'Daeji' cultivars, thicker and more vigourous shoots resulting 

from replacing the multiplication medium led to the subsequent formation of larger 

microtubers when compared to the plants grown in the standard multiplication protocol, 

i.e. the medium was not changed before transfer to the standard tuberization protocol (Fig. 

79). It has been reported that favouring vegetative growth of stolon segments and shoots 

prior to microtuber induction increases microtuber fresh weight (Chapman 1955; Garner & 

Blake 1989). There was a slight difference between genotypes as the 'Iwa' plantlets 

appeared to form heavier microtubers than those of 'Daeji' in response to the standard 8% 

sucrose-containing tuberization medium regardless of whether the multiplication medium 

was replaced or not (Figs. 79). 

Perhaps, the most remarkable effect of medium replacement during plantlet multiplication 

on the subsequent in vitro tuberization compared to all other treatments in the present 

study was that some microtubers fonned were heavier than 2 g (Figs. 80 and 81). Thus, it 

seems that there was a carry-over effect of the physiological state of potato plants grown in 

the multiplication step. Similar carry-Dver effects have been shown in strawberry 

(Anderson et al. 1982), oil palm (Corley et al. 1986) and potato (Satellknecht and 

Farnsworth 1979) with manipulation of nitrogen level in the medium. 

In the present study, the positive influence of medium replacement during plantlet 

multiplication or in vitro tuberization could result from a periodical fluctuation in supply 

of nutrients, particularly nitrogen and carbohydrates, to the potato plantlets. This might 

change the endogenous hormonal balance of the plantlets during growth and tuberization. 

8. Effect of sucrose concentrations and varying pH in the media on 
microtu beriza tion 

Effect of sucrose concentration 
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We found no tuber formation in sucrose-free medium, a result similar to the findings of 

other researchers using different protocols (Xu et al. 1998; Lawrence & Barker 1963). 

Microtubers were induced in media containing sucrose ranging from 2 to 20% (w/v) 

(Table 3). The number of micro tubers formed in this range of2 to 12% sucrose appeared 

not to be substantially different (Table 3), but more than 16% sucrose in the medium 

resulted in a reduction in the number of microtubers. 

It was established a long ,time ago that a high sucrose concentration (5% as opposed to 

1 %) favoured in vitro tuberization of potato from cultured stolon tips of Aram chief potato 

in Knop's nutrient solution (Mes & Menge 1954). A high sucrose concentration (8% rather 

than 2%) also seems to enhance microtuber development in the presence of growth 

regulators in the medium (Harmey et al. 1966). On media free of growth regulators, 8% 

sucrose coupled with transfer to short days promoted microtuber formation (Gamer & 

Blake 1989). Thus the consensus seems to be that a concentration of about 8% sucrose 

gives better yield of microtubers. The present results confirm that well-grown in vitro 

potato plantlets responded similarly to isolated stolons in culture. 

Microtuber size or weight is a more important microtuber character than microtuber 

number because small sized microtubers are more vulnerable to storage loss (Naik & 

Sarkar 1997) and are unsuitable for direct field planting (Jones 1988). The production of 

heavier microtubers could substantially increase yield of potato propagules in the green 

house and field (Wiersema et aI1987). 

The data in the present study on the effect of different sucrose concentrations in the 

tuberization medium on the average fresh weight of micro tubers formed are in general 

agreement with the studies in the literature using different protocols or different culture 

systems (Wang & Hu 1982; Hussey & Stacey 1984; Akita & Takayama 1988a,b; Gamer 

& Blake 1989; Leclerc et al. 1994; Muller-Rober et al. 1990; Akita & Takayama 1994a,b; 

Akita & Ohta 1998). In both potato varieties, the 8% sucrose medium was different from 

the other sucrose media because the frequency of micro tubers heavier than 1.0 g was 

observed mainly with the 8% sucrose medium (Figs. 16 and 17). 

Effects of varying pH in the tuberization medium 

The results in this study showed that microtuber number, hence initiation of in vitro 
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tuberization in 'Iwa', was not influenced by the culturing of plantlets in tuberization media 

at different pH. In contrast, the data on average microtuber weight seems to indicate a 

huge genotypic difference between 'Iwa' and 'Daeji', plants in the reaction to the initial 

pH of the tuberization medium. 'Iwa', unlike 'Daeji', was relatively insensitive to initial 

pH higher or lower than that of the standard tuberization medium (Figs. 42 and 43). 

Among all the media variations in this study, pH produced the only this difference 

between the two cultivars. In the literature, there are many reports on differences among 

potato cultivars/varieties in response to manipulations of in vitro tuberization. Overall our 

results showed similar trends in responses to the different microtuberization treatments by 

'Iwa' and 'Daeji' plantlets. 

Few research papers have been published on the influence of medium variations on the 

weight or size distribution of microtubers formed by well-grown plantlets. 

Here, the data on the frequencies of microtubers in different weight categories (Figs. 44 

and 45) mirrored the result on average microtuber weight showing that the 'Daeji' rather 

than 'Iwa' plantlets were more sensitive to the high or low pH media resulting in higher 

frequencies of smaller microtubers being formed in these media. 

9. Ultrastructural studies 

Green root of in vitro potato plantlet 

Greening of plant tissue in the light indicates the presence of chloroplasts, which are 

usually associated with leaf or stem of plants grown in light. No worker has published 

detailed analysis of the greening of potato roots of plantlets grown in vitro and the fate of 

the green roots of the plantlets during microtuberization which usually took place in 

darkness for several weeks (e.g. 10 weeks in the present study) has received no prior 

attention. Since ultrastructural study of green roots of the potato plantlets has not been 

done and only a limited time was available to complete this thesis, it was decided to 

initiate a small-scale electron microscopy study of the materials from the 2-step process 

for microtuber production. Electron microscopy of potato leaf and stem tissues of the 

'Iwa' potato plantlets reveals chloroplasts with well developed grana and stroma 
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thylakoids which are typical of organelles involved in normal photosynthesis. Greening of 

potato root tissue during the plantlet multiplication step is also due to chloroplast 

formation therein, but these organelles are more diverse in structure compared with those 

ofthe leaf and stem. Chlorophyll formation is dependent on light induction (Castelfranco 

and Beale 1983), and it must therefore be assumed that the roots of the potato plantlet can 

respond to light during plantlet growth, otherwise the grana and thylakoid partitions would 

not have differentiated. 

Plant roots usually grow underground as heterotrophic organs, depending on the shoot and 

leaves for their energy source. Roots may become green when exposed to light or when 

they develop as adventitious organs (Torrey and Clarkson 1975). In roots of the epiphytic 

Ochidaceae (Benzing et al. 1983) and in the aerial roots of mangroves (Gill and Tomlinson 

1977), photosynthesis by this organ does, in fact, contribute to the carbon economy of 

whole plant. Although many roots, in vivo or in vitro, can become green when grown 

under light, we do not know to what extent the root, as an organ, has retained its potential 

for photosynthesis and photoautotrophy. Photo autotrophic green roots of Acmella 

oppositifolia have been maintained in vitro for over 2 years (Flores et al. 1993). Many in 

vitro root cultures can generate green shoots, suggesting that the root cells remain 

totipotent (Peterson 1975). 

Overall, the chloroplasts found in the green roots after 10 weeks in the dark during the 

microtuberization step were very similar to those found in green leaves ofthe plantlets 

from the plantlet multiplication step. The possibility that the chloroplasts in the roots 

might contribute to energy or biosynthetic requirement for microtuber formation cannot 

be ruled out. It is also not clear what would be the influence, if any, that the sucrose in the 

microtuberization medium might have on the metabolic capacity ofthe root chloroplasts. 
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v. Future Studies 

1. Time course of changes in major mineral elements and nitrogen in the medium in 

relationship to the medium replacement treatments will be needed so that we have a more 

complete picture of the effects of these treatments apart from sucrose addition. 

2. The low invertase activity in tuberization medium is possibly because the root-bound 

surface invertase might be a main source of invertase in medium. So, this enzyme should 

be extracted and then its changes can be investigated in relation to sucrose utilization, 

plantlet growth and microtuberization. 

3. cDNA clone for invertase can be obtained and will allow a study ofthe changes in 

invertase gene expression in tissues submerged in the liquid media during plant 

propagation and tuberization. 

4. The present study can be made more complete if the changes of osmotic potential in the 

media at various times of the medium replacement treatments involving monosaccharide

containing or the maltose media. 

5. This research has led to the formulation oftissue culture media that are suitable not only 

for potato plantlet multiplication and tuberization but also for relative ease of invertase 

production and isolation, and recovery of inverted sugars. Some preliminary attempts to 

purify the acidic invertase from the microtuberization medium were initiated here. 

When dialyzed ammonium sulfate precipitable fraction (60%w/v) ofthe tuberization 

medium was separated using an anion exchange column (l.Sx23cm) a broad invertase 

activity peak resulted and all the fractions had a low level of enzyme activity. Therefore it 

can be assumed that the enzyme from the medium was not absorbed onto the anion 

exchanger. Further experiments will be needed to confirm this and develop a more 

workable enzyme purification scheme. 

6. Metabolism of maltose by the potato plantlets will need to be investigated to see how 

this disaccharide can replace sucrose for microtuberization. 

7. The contribution of the green roots of the potato plantlets to microtuberization could be 

a new fascinating research topic using physiological and biochemical approaches. 
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VI. Conclusion 

Automation of micropropagation and production of microtubers is a final long-term goal 

that may benefit from this study. For this purpose, production of more bigger microtubers 

that can compete with traditional seed potatoes is essential. 

The standard 2-step process comprising plantlet multiplication and then microtuberization 

yield bigger microtubers compared to other studies using isolated stolons in culture. 

Among the 21 experimental variations to the standard protocols, whether during plantlet 

multiplication or during in vitro tuberization, medium replacement was most effective in 

inducing the formation of bigger and more microtubers. The treatment of medium 

replacement during the plantlet multiplication step led to an increase in fresh weight and 

vigour of the plantlets that would subsequently produce heavier and round-shaped 

microtubers whereas during tuberization it resulted heavier but longitudinal-shaped 

microtubers. This manipulation during plantlet growth seems to be more desirable. From 

the measurement of osmotic potential changes and invertase activity development in the 

media, it seems that these and possibly other changes in the media may not be strictly 

related to microtuberization. 
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VIII. APENDICES 

1. Composition of Murashige & Skoog's Basal Medium 

Major salts of MS 

NH4N03 

KN03 

CaCl2'2H2O 

MgS04'7H2O 

KH2P04 

Minor salts of MS 

KI 

H3B03 

MnS04'H2O 

ZnS04 

N~Mo04'2H20 

CuS04 '5H2O 

CoCl2'6H2O 

Iron Solutions of MS 

N~'EDTA 

FeS04'7H20 

Organics of MS 

Myo-inositol 

Nicotinic acid 

Pyridoxine-HCI 

Thiamine-HCI 

Glycine 

mg/l 

1650 

1900 

440 

370 

170 

0.83 

6.2 

22.3 

8.6 

0.25 

0.025 

0.025 

37.3 

27.8 

100 

0.5 

0.5 

0.5 

2.0 
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2. Estimation of Glucose: HBH method (Lever 1973) 

In this assay an aroylhydrazine reacts with the reducing sugar to form an aroyloszone 

which forms a coloured chelate with Ca++. 

210 

This assay is moderately light sensitive so avoid bright light and store the reaction tubes in 

the dark. 

Reagents 

HBH reagent: SO mM 4-Hydroxybenzoyl hydrazine dissolved in 2S mM sodium citrate 

containing 10 mM CaCI2• 

Compound 50ml 100ml 150ml 200ml 250ml 

A Tri-sodium citrate 0.367Sg 0.73Sg l.I02Sg 1.470g 1.837Sg 

B Calcium chloride 0.073Sg 0.I47g 0.220Sg 0.294g 0.367Sg 

C Sodium hydroxide 0.600g I.200g I.800g 2.400g 3.00g 

D Para-hydroxy 0.380Sg 0.76Ig 1.14ISg I.S22g I.902Sg 

benzoic acid 

Distilled water ISml 30ml 4Sml 60ml 7Sml 

1. Mesure out two volums of distilled water according to the final volume desired. 

2. dissolve compounds A and B together. 

3. dissolve compounds C and D. 

4. combine the two solutions in a suitable volume with distilled water. 

S. store at 4°C in the dark. 

Glucose standard: 1.0 mM (1.8 mg/ml) glucose in 0.3% benzoic acid. 

Procedure 

a. Preparation of calibration curve. Set up a concentration series of tubes containing 

different amounts of glucose e.g. 
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Tuber No. 1 (blank) 2 3 4 5 6 

1.0mM 0.0 0.2 0.5 1.0 1.5 2.0 

glucose 

Water 2.0 1.8 1.5 1.0 0.5 0.0 

1. Take 20 ~l aliquot from each tube and add to 5 ml HBH reagent. 

2. Mix well and heat in boil water bath for exactly 5 min. 

3. Cool and read absorbance at 420 nm (yellow-green filter). 

b. Analysis of samples. Take 20 ~l aliquots and add to 5 ml HBH reagent, mix well 

and proceed as above. 

3. Protein concentration determination (Bradford 1976) 

Standard Curve 
1. From a stock solution (l OOmg/l) of a reference protein, e.g. bovine serum albumin (BSA 

in short), prepare several diluted solutions ranging from 0 to 1 00 ~g/ml for protein 

determination as in step 2. 

2. In a test tube, mix the following: 

Coomasie blue dye 1 ml 

Protein solution 100 III 

Read absorbance at 595 nm. 

3. Plot absorbance vs concentration of proteins to obtain a standard curve. 

Determination 

Determine the protein content in the medium samples collected at the 2 different sampling 

times. 

1. As in step 2 of the procedure to obtain the standard curve, mix 1 ml of the Coomasie 

blue dye with 1 00 ~l of medium solution and obtain the corresponding absorbance 



at 595 nm. 

2. Use the standard curve to estimate the protein concentration in the medium solution 

prepared. 

4. Recipes for SDS-P AGE 

Separating gel (to make 30ml) 10% 12.S% lS% 

Distilled water 8.0ml 5.5ml 3.0ml 
1M Tris-HCI, pH 8.8 11.25ml 11.25ml 11.25ml 
30% acrylamide:bis solution 10.0ml 12.5ml 15.0ml 
10% SDS (w/v) 300111 300111 300111 
10% ammonium persulfate (0.1 g + 10ml water) 300 111 300111 300111 
TEMED 15 111 15 111 15 111 

Stacking gel 

Distilled water 7.5ml 
1 M Tris-HCI, pH 6.8 1.25ml 
30% acrylamide:bis l.Oml 
10% SDS 100111 
10% ammonium persulfate 40111 

TEMED 15~tl 

Electrophoresis buffer 1 liter 2 liter 

Tris base 4.54g 9.08g 
Glycine 21.6g 43.20g 
SDS l.5g 3.00g 
Distilled H20 - bring volume to 1 liter 2 liter 

Stain (Coomassie brilliant blue) 100ml SOOml 

Absolute methanol 50ml 250ml 
Acetic acid (glacial) 10ml 50ml 
Coomassie brilliant blue O.lg 0.5g 
Distilled water 40ml 200ml 

Destain (S% methanol, 10% acetic acid) 1 liter 2 liter 

Methanol 50ml 100ml 
Acetic acid (glacial) 100ml 200ml 
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Distilled water 850ml 1700ml 

Sample buffer 8ml 20ml 

Distilled water 3.2ml 8.0ml 
1 M Tris-HCl, pH 6.8 1.0ml 2.5ml 

Glycerol 1.6ml 4.0ml 
10% SDS (w/v) 1.6ml 4.0ml 
2-B-mercaptomethanol o AmI 1.0ml 
0.1 % (w/v) bromophenol blue O.2ml 0.5ml 

Add glycerol dropwise, mix then add 2-B-mercaptoethanol dropwise and mix. Aliquat 

(lml) into eppendorfs, label and store at 20°C. 

Molecular weight standards 

Staining with Coomassie R-2S0 
Dilute concentrate standard 1 :20 in sample buffer. 

Boil 5 minutes 

Label and store at -20°C. 

Load 10 Ill/well. 

Staining with silver stain 
Dilute concentrate standard 1: 1 00 in sample buffer.. 

Boil 5 minutes 

Label and store at -20°C. 

Load lOllI/well. 

Tris HCI (separating gel) 1M, pH 8.8 

250ml 
--

Trizma base 30.285g 
500ml 
60.57g 

1) Dissolve solid in 90% final volume 

2) pH adjust to 8.8 using conc. HCI 

add dropwise approx. volume conc. HCI required for: 

500ml around 8-1 Oml 
250ml around 4-5ml 
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3) When stable, adjust volume with distilled water, to approximately 5 mlless than final 

volume 

4) Check pH and adjust if necessary 

5) Adjust to final volume with distilled water 

6) Label and store at 4 °C 

Tris Hel (Stacking gel) 1M, pH 6.8 

250ml 
--

Trizma base 12.l14g 
500ml 

30.285g 

1) dissolve solid in 90% final volume 

2) pH adjust to 6.8 using conc. HCI 

add dropwise approx. volume conc. HCI required for: 

100ml around 8-10ml 
250ml around 20-25ml 

3) When stable, adjust volume with distilled water to approximately 5ml1ess than final 

volume 

4) Check pH and adjust if necessary 

5) Adjust to final volume with distilled water 

6) Label and store at 4 °C 

30% Monomer solution (29.2 acrylamide: 0.8 bis) 

acrylamide 
bis 

100ml 
29.2g 

0.8g 

250ml 
73g 
2g 

Label and store in a dark bottle at 4 °C 

10% S.D.S. (Sodium dodecyl sulfate) 

100ml 250ml 500ml 

500ml --
146g 

4g 
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SDS 109 25g 50g 

Label and store at room temperture 

5. Silver Stain Procedure 

1. Soak gel in 50% methanol, 10% glacial acetic acid (200mI) for 30 min. (Can also be left 

in this solution overnight). 

2. Wash the twice for 10 min. with distilled (deionized) water. 

3. Wash in 120 ml of 10% glutaraldehyde (biological grade) for 30 min. (10% 

glutaraldehyde: 45ml of25% glutaraldehyde added to 60 ml of distilled water). 

4. Rinse with 500 ml distilled water for 2hr. with at least 4 times distilled water changes. 

5. Agitate for 1 hr. with 500 ml distilled water, repeating 3 times, for a total of 4 hr. and 

drain well. (Can also be washed overnight in 1000 ml distilled water). 

6. Make the following immediately before use and add in order (in the fume hood): 

0.36% (w/v) NaOH (4.5 ml of 1 M150 ml) 15.3 ml 

add dropwise cone. NH40H (must be fresh saturated solution) 

and slowly, with stirring AgN03 (aq.) 0.2 g/ml 

ethyl alcohol (100%) 

1.03 ml 

3.0ml 

55 ml 

7. Add to the drained gel, soak with agitation for 5 min. (not more than 10 min.), no longer 

and dispose ofthis solution down the sink in the fume hood. 

8. Wash with distilled water for 5 min., repeating 3 times, for total of20 min. pour offthe 

water. 

9. Add the following solution 

Ethanol 10.0 ml 

1 % citric acid 

38% formaldehyde 

distilled water to 1 liter 

5.0ml 

1.0 ml 

10. Remove gel when bands are dark enough, usually 8 to 10 min. 

11. Place gel in 5% acetic acid to fix and photograph immediately. 



6. Native Isoelectric Focusing Gel 

To run a native isoelectric focusing gel, the following protocol must be made: 

A. Pouring the Gel (pH 4-6) 

Native Isoelectric Focusing Gel 
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5% T (the total monomer concentration, %T =(g acrylamide+ g bis-acrylamide)/total 

volumex100), 3.3% C (the crossing linking monomer concentration, %C=(g bis

acrylamide/(g acrylamide+ g bis-acrylamide)x100). For two 8 x 7 m x 0.75 mm minigels, 

need to prepare 12 ml. 

1) 9.7 ml H20 

2) 2 ml Solution A 

3) 48 III ampholyte solution pH 3.5-10 

4) 240 III ampholyte solution pH 4-6 

5) 50 III 10% ammonium persulfate 

6) 20 III TEMED 

B. Sample Preparation and Application 

Native Gel Sample Buffer (2x), 5 ml 

1) 2ml glycerol 

2) 200 III ampholytes (same propotions as for gel) 

3) 1.8 ml H20 

1. Mix protein sample with an equal volume of 2x Sample Buffer. Spin 5 min. at 10,000 x 

g (in eppendorf centrifuge) before applying sample. 

2. Load sample into well. 

C. Focusing Conditions - to be carried out at room temperature. 

7. Desalting 

Gel preparation 

1. Gradually add dry desalting gel (Bio-Gel P-6DG, Bio-Rad Laboratories, U.S.A.) to 
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phospate buffer (PH 6.0) in a beaker. Each gram of dry desalting gel will form 

approximately 7 ml of packed bed. Use twice as much buffer as the expected packed bed 

column. 

2. Allow gel to hydrate 30 min. at room temperature. Let the gel settle during hydrating. 

3. Resuspend the gel in excess buffer. When 90-95% of the gel has settled, remove fine 

particles by decanting the excess buffer. Adjust to a volume of twice the expected packed 

bed volume. 

4. Degass by aspirating at reduced pressure. 

Pouring the column 

1. Fix funnel to top of column, close column outlet, and add enough buffer to fill 20% of 

column. 

2. Smoothly pour uniform slurry into column. 

3. When 2-5 cm of bed has formed, allow column to flow until fully packed. 

4. Remove excess gel and equibrate column by passing two bed volume of buffer through 

the colunm at operating flow rates. 

Desalting procedure 

1. Drain buffer to the level of gel bed and stop flow. Carefully layer sample onto the bed 

surface and drain into the bed. Follow this with buffer to wash the sample into the bed. 

Attach reservoir and begin run. 

2. The separation can be monitored by UV -Visible Photometry and the desired fractions 

collected. Once a column has been characterized, monitoring is no longer necessary since 

elution volumes will be consistent. The void volume should be 30-35% ofthe column 

volume. 

3. Wash column with starting buffer until low molecular weight material is completely 

eluted. Two bed volumes should be sufficient. 
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