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ABSTRACT 

 

DEVELOPMENT OF A LIQUID MICROPROPAGATION SYSTEM FOR 

ASPARAGUS OFFICINALIS L. 

 

Xinyu Chen                                                                                             Advisor: 

University of Guelph, 2015                                                                     Professor David J. Wolyn 

 

Asparagus officinalis L. is a dioecious plant that is routinely micropropagated in vitro on solid 

medium, but efficiency is not optimum, especially for recalcitrant genotypes. Liquid culture 

systems have been used for other plants, showing improved explant morphology and high 

multiplication rates. Thus, growth and overall propagation efficiency of asparagus may be 

improved using liquid culture. The objectives of this research were to test the effects of basal 

media (DKW, MS), NAA and kinetin concentrations, and concentrations of carbohydrates 

(glucose, fructose, sucrose, maltose) and growth retardants (ancymidol, paclobutrazol) on shoot 

growth in liquid media. Nodal segments in DKW medium with 0.5 µM kinetin and 0.125 µM 

NAA, 87.6 mM glucose and 0.5 µM ancymidol produced a high percentage of shoot induction, 

and thick shoots with a large number of nodes. The optimal liquid rooting medium was modified 

MS medium with 10 µM IBA, resulting in 40% of plantlets rooted. 
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1  INTRODUCTION 

 

Asparagus (Asparagus officinalis L.) produced in South Ontario accounts for approximately 80% 

of Canadian production. In 2013, the asparagus farm-gate value in Ontario was over $21 million 

(Mailvaganam, 2014). The crop is gaining popularity by consumers because of health-beneficial 

phytochemicals, such as rutin, which is an antioxidant (Chin and Garrison, 2008).  Consequently, 

hybrid cultivar development and conducting research in support breeding is important in the 

Province. 

 

Asparagus is dioecious with male and female flowers borne on different plants.  Since males 

produce higher yields and are more vigorous than females (Ellison and Scheer, 1959), all-male 

hybrids, derived by crossing supermale and female parents, are recommended for commercial 

production. Thousands of parental clones are required for hybrid seed production and in vitro 

micropropagation on solid medium has been the standard practice for decades. Multiplication 

rates, however, can be slow, and recalcitrant genotypes may propagate at less than half the rate 

of the best lines (e.g., doubling clone number in two months rather than one).  

 

In recent decades, liquid culture has been applied to propagate species in vitro, such as 

chrysanthemum (Hahn and Paek, 2005), rose (Chu et al., 1993), potato (Jiménez et al., 1999) and 

garlic (Kim et al., 2003), improving clone vigor and multiplication rate compared to solid 

culture. Liquid culture methods vary and can include temporary immersion bioreactors systems 

that control temperature and exposure of explants to media during plant propagation 

(Grigoriadou et al., 2005; Hahn and Paek, 2005). These methods often  help  reduce 
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hyperhydricity (vitrification), a problem in many liquid medium systems, where plants become 

translucent, thick, brittle, and waterlogged or glassy, with abnormal or non-functional stomata 

(Chu et al, 1993; Kadota and Niimi, 2003; Majada et al., 2001).  

 

Development of a liquid culture micropropagation protocol in asparagus could be beneficial to 

increase propagation rates and ultimately cost effectiveness for genotypes used in hybrid seed 

production. It may also be beneficial to improve propagation of recalcitrant genotypes. Due to 

increased availability of components in liquid culture, concentrations of plant growth regulators, 

carbon sources, growth retardants and medium types need to be altered and usually decreased 

when developing liquid culture protocols from an established solid medium system (Debergh et 

al., 1981; Douglas, 1984).  

 

Choice of basal medium is critical for tissue culture success. Murashige and Skoog (MS) 

medium is conventionally used in solid culture micropropagation of asparagus; however, it must 

be compared to other media that have been used successfully in liquid culture. Driver and 

Kuniyuki Walnut (DKW) medium was developed for micropropagation of walnuts, but also 

increased shoot and leaf number of pistachio (Pistacia terebinthus L. and Pistacia vera L.) in 

liquid culture (Parfitt and Almehdi, 1994). To create a liquid medium for asparagus, it is 

necessary to compare effects of MS and DKW media on shoot and root growth.  

 

Both 1-Naphthaleneacetic acid (NAA) and kinetin, auxin and cytokinin, respectively, are 

commonly used in culture of asparagus (Yang and Clore, 1973) to regulate cell division, 

internode elongation and shoot differentiation (Razdan, 2003). Auxin also plays a key role in 



3 

 

rooting, and exogenous auxin is required in many species (Diaz-Sala et al., 1996). NAA is 

preferable to other auxins for asparagus rooting on solid medium. In many commercial 

propagation systems of other species, however, indole-3-butyric acid (IBA) is most common (de 

Klerk et al., 1999). For example, IBA powder is commercially used to induce roots on stem 

cuttings for a wide range of species. Experiments to optimize hormone concentration and type 

will be critical for development of liquid culture of asparagus.  

 

A carbohydrate is included in tissue culture medium as an external carbon source to promote 

growth when plants are not sufficiently able to conduct photosynthesis. The concentration of 

sucrose, the carbohydrate used commonly in asparagus solid medium, can affect shoot and root 

initiation (Štajner et al., 2002). However, glucose and other monosaccharides can be metabolized 

by plants easily and should be considered in liquid culture. Thus, studies of sugar type and 

optimal concentration are essential for the development of micropropagation methodologies.  

 

Asparagus micropropagation requires growth retardants, gibberelin inhibitors, to improve shoot 

and root thickness, such that vigorous crowns with healthy roots can survive when transferred to 

soil (Chin, 1982). Ancymidol is the most used growth retardant in asparagus micropropagation 

on solid medium and paclobutrazol was also tested (Khunachak et al., 1987). In addition, 

paclobutrazol helped to produce thick roots from Chrysanthemum x morifolium nodal sections in 

liquid culture (Smith et al., 1990). Both should be considered for asparagus liquid culture.  

 

The objective of this research project was to establish a suitable liquid culture system of 

asparagus micropropagation, which will help to reduce the time and cost of hybrid seed 
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production. The effects of type of medium, type and concentration of carbohydrate, and addition 

of growth regulators and retardants were tested, and compared between solid and liquid culture 

systems.  

 

The hypotheses and objectives for this research were: 

1.1 Hypotheses  

(1) High kinetin and low NAA concentrations can improve shoot growth without the induction of 

callus. 

(2) Asparagus shoot induction  is greater with DKW medium than MS medium.  

(3) Sucrose is the most favorable carbon source for asparagus  shoot induction.  

(4) Ancymidol and paclobutrazol at low concentrations can enhance shoot  induction.  

(5) Photoperiod has no effect on shoot induction.  

(6) Shoot induction is better in liquid medium than solid medium. 

(7) MS medium with high concentration of IBA and 6% sucrose can increase rooting rate. 

(8) IBA is the optimal auxin to induce roots. 

 

1.2 Objectives 

Specific objectives of this research are to: 

(1) optimize NAA and kinetin concentrations for shoot induction 

(2) compare KDW and MS media for asparagus shoot induction 

(3) determine the optimum carbohydrate type and concentration for shoot induction 

(4) test the influence of growth retardants at different concentrations on shoot induction 

(5) test the effect of 24 h and 16 h photoperiods on shoot induction 
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(6) compare shoot induction in liquid versus solid medium 

(7) test the influence of basal medium, IBA and sucrose at different concentrations on root 

induction 

(8) determine which type of auxins is optimal for root induction 
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2  LITERATURE REVIEW 

 

2.1 Classification 

 

The genus Asparagus, which comprises approximately 200 species, belongs to the Asparagaceae 

family (Dahlgren et al., 1985; Kubota et al., 2012). Members of this family can be found in both 

temperate and tropical regions of the world and occur as herbaceous perennials, tender woody 

perennials and perennial vines. Asparagus species are cultivated for food as well as medicinal 

and ornamental plants. The genus is categorized into three subgenera, Asparagus, Protasparagus 

and Myrsiphyllum, based on morphology (Clifford and Conran, 1987; Kubota et al., 2012). 

Members of the Asparagus subgenus are dioecious, where male and female flowers are always 

separated on different plants. Protasparagus and Myrsiphyllum species are hermaphroditic, and 

have both male and female organs in the same flower. Asparagus officinalis L. is an herbaceous 

perennial native to Eastern Asia and Europe (Jiang and Sink, 1997). It is the most economically 

important garden plant among the asparagus species because of its edible spears.  

 

2.2 Morphology 

 

2.2.1 Leaf, stem and root structure 

 

As an herbaceous perennial, asparagus produces an underground crown which consists of a 

rhizome, and storage and feeder roots. Buds are produced at the ends of the rhizome and develop 

into shoots (Blasberg, 1932). As lateral buds are formed and develop on the rhizome, the crown 
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is extended horizontally in the soil. When a dominant bud completes its development into a 

shoot, an axillary bud differentiates followed by formation of a spear. Apical dominance from 

the presence of developed stems can inhibit spear emergence, however, continual removal of 

spears prevents apical dominance and results in sequential production for the six-week harvest 

season in Ontario.  

 

The cladophylls, found on the main stem at the base of branches, or as the ‘scales’ at the tip of a 

young spear are the true leaves (Blasberg, 1932). The false leaves (modified stems) are linear or 

hair-like, called cladodia, which cluster at interval of the branches. The young stem is always 

unbranched with lateral buds, while the branching stem can achieve a height from 1 to 2 meters.  

 

2.2.2 Flower structure 

 

Male and female flowers are separated on the different plants (Lazarte and Palser, 1979). 

Flowers produced by staminate plants have functional stamens and mostly rudimentary pistils 

with undeveloped ovules. Pistillate plants have normal stigmas, styles, and ovaries, but 

degenerate anthers without pollen. Occasionally, andromonoecious males generate both 

functional hermaphroditic and male flowers (Sneep, 1953).  
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2.3 Genetics 

 

2.3.1 Male and female plants 

 

Through breeding, asparagus has been improved by producing hybrids that are uniform, disease-

resistant and cold-tolerant with high yields (Lazarte and Palser, 1979). Because staminate plants 

achieve higher yields than those that are pistillate and show improved vigor as well as longevity, 

all male hybrids are commonly bred and planted (Yeager and Scott, 1938).  Furthermore, male 

plants do not produce seeds, eliminating the need to control seedlings, considered weeds, which 

result from females in dioecious cultivars. 

 

One gene (M) controls the gender of asparagus (Jiang and Sink, 1997). Female plants are 

homogzygous recessive (mm) while male plants are heterozygous (Mm). Occasional 

hermaphroditic flowers on male plants result in selfing or a male × male cross, and the recovery 

of homozygous (MM) supermale plants (e.g. Mm × Mm = 1 MM : 2Mm : 1mm). Both MM and 

Mm genotypes have male phenotypes and supermales can be distinguished by testcrossing to the 

female (mm). Ultimately, an all-male hybrid is produced by crossing a female (mm) with a 

supermale (MM) to yield only male (Mm) progeny. In addition to recovering supermales from 

seeds on andromonoecious plants, they may also be produced by anther (Feng and Wolyn, 1991) 

and microspore culture (Peng and Wolyn, 1999).   

 

When a superior all-male hybrid is identified, tissue culture of the parents is necessary for large-

scale seed production. The female and supermale parents cannot be propagated by seed, as in the 
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corn inbred-hybrid system, because they have imperfect flowers and cannot be selfed. Genetic 

identity can only be preserved by vegetative or asexual propagation. 

 

2.4 Micropropagation of asparagus and other plants 

 

Tissue culture has been used successfully to propagate Asparagus officinalis L. for several 

decades. The species is responsive to different methods such as somatic embryogenesis and 

organogenesis (Steward and Mapes, 1971) from callus culture, and micropropagation from 

meristem culture (Matsubara and Clore, 1974). The latter method is favored for propagating elite 

genotypes in a breeding program due to a low rate of somaclonal variation.  Micropropagation of 

axillary shoot buds is commonly used for asparagus in vitro culture, and clusters of secondary 

and tertiary shoots can be subcultured to produce large numbers of clonal propagules (Razdan, 

2003).  Although micropropagation has been applied to asparagus for more than twenty years, 

weak roots or the lack of root formation has been problematic for some genotypes. To improve 

asparagus micropropagation, several factors should be concerned, including culture system, 

explant type, genotype, density, and type and concentration of basal medium, carbohydrate, 

growth regulators and growth retardants.  

 

2.4.1 Types of shoot materials 

 

Shoots with apical or lateral (axillary) buds can be used for asparagus tissue culture. An apical 

bud is located on the stem tip, while a lateral bud grows from the axil of a leaf and a stem node 

(Yang and Clore, 1975).   
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Once an in vitro culture is initiated from a field-collected spear, continued propagation can occur 

with tissue culture generated stems (Conner and Falloon, 1993). These can be laid horizontally 

on solid medium to grow shoot clusters at each node, and each shoot cluster can be rooted to 

produce minicrowns (Fig.1A-C). Stems can continually be removed from minicrowns to produce 

new shoot clusters and minicrowns can also be split to multiply genotypes (Fig. 2A-C).   

 

2.4.2 Basal medium type 

 

A specific basal medium may be optimal for plant regeneration from certain tissues and organs. 

In the micropropagation of asparagus, MS medium has been commonly used. Culture of lateral 

buds from selected male plants on MS plus 3% sugar, NAA (anxin) and kinetin (cytokinin) was 

first demonstrated for the species (Yang and Clore, 1973). Subsequently, stem segments with a 

bud from asparagus successfully produced shoots on MS medium with NAA and kinetin, while 

medium with only NAA was required for rooting (Yang and Clore, 1974). From previously 

studies, MS was the main basal medium for asparagus micropropagation. 

 

2.4.3 Carbon source 

 

Autotrophic plant growth is reduced in tissue culture, and external carbon is required for 

metabolism; the external energy improves regeneration of green shoots. In asparagus tissue 

culture, the most common carbon source is sucrose, however, the optimal concentration differs 

for shooting and rooting (Štajner et al., 2002).  
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Fig.1. Micropropagation of asparagus from shoots: A) cutting shoots into nodal segments B) 

laying nodal segments on solid shoot medium C) nodal segments with new shoots and roots 

induced 
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Fig. 2. Microprogatation asparagus from minicrowns: A) spliting minicrowns B) inserting partial 

minicrowns into solid root medium C) minicrowns with new shoots and roots 
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For minicrowns cultured in modified MS media with sucrose concentrations ranging from 2% to 

12%, 90% of minicrowns rooted in the 6% treatment and short and thick storage roots developed 

when the concentration of sucrose was at 6% or higher (Conner and Falloon, 1993). As the 

sucrose concentration decreased below 6%, roots were generally long, thin, fibrous and weak. 

When non- or poorly metabolized carbohydrates, such as lactose, mannitol and rhamnose, were 

added to 2% sucrose, they had no influence on root growth, while myo-inositol and raffinose 

showed partial efficacy.  This could be due to osmotic and nutritional effects from sucrose; the 

first effect was a trigger for rooting, and the latter was for root development. 

 

In propagation of Asparagus maritimus L., which is similar to Asparagus officinalis L. in 

morphology, lateral buds with primordial leaves from spears were cultured in MS medium 

supplemented with sucrose, glycin, myoinositol, nicotinic acid, thiamine-HCl, and growth 

regulators. Optimal shoot proliferation was obtained from the media with 3% sucrose, while 6% 

was the most suitable for rooting (Štajner et al., 2002).  Similarly, 6% sucrose enhanced rooting 

percentage of asparagus to 18%, compared to 1.7% at 3% sucrose (Chang and Peng, 1996). 

Generally, 3% sucrose is optimal for shooting in asparagus, while 6% sucrose is favorable for 

root formation.  

 

Carbohydrate type is also an important consideration in culture systems. Although sucrose, a 

disaccharide, is commonly used, success with monosaccharides, such as glucose, is also 

observed. In the culture of beech (Fagus sylvatica and F. orientalis) shoot tips to initiate axillary 

branching and adventitious shoots, more shoots were produced on medium with 3% glucose, 

compared to sucrose and fructose at the same concentration. However, hyperhydricity rate was 
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low for the treatments with sucrose (Cuenca and Vieitez, 2000). In cork oak (Quercus suber L.), 

the greatest number of shoots was obtained from culture with low concentrations of 2% (20 g/l) 

glucose and 3% sucrose (Romano et al., 1995). After transferring shoots to rooting medium, the 

highest rooting rate (100%) was observed with 3% glucose or 6% sucrose. Thus, the best rooting 

was achieved when glucose was at a lower concentration than that for sucrose. In this 

experiment, autoclaved fructose did not induce shoots, possibly due to the effect of degradation 

products such as furfural and hydroxymethyfurfural on plant growth. 

 

2.4.4 Growth regulator 

 

In tissue culture, five major classes of growth regulators are important: auxins, cytokinins, 

gibberellins, abscisic acid and ethylene (Razdan, 2003; Gaba, 2005). Auxins, such as indole-3-

acetic acid (IAA), 1-naphthaleneacetic acid (NAA), indole-3-butyric acid (IBA) and 2,4-

Dichlorophenoxyacetic acid (2,4-D), are commonly required to induce cell division and regulate 

elongation of stem internodes. Cytokinins, for example, 6-benzylaminopurine (BAP) or 6-

benzyladenine (BA), kinetin and zeatin, are used to control cell division and shoot differentiation 

as well as modify apical dominance.  Gibberellins and abscisic acid are occasionally used in 

tissue culture to improve or prevent growth. A gibberellin, such as GA3, is used to enhance low-

density cell culture and callus growth. It also helps to elongate stunted and dwarf plantlets. 

Abscisic acid can induce or prohibit callus growth in terms of species. Ethylene can affect callus 

formation, bud and shoot regeneration, and somatic embryogenesis (Gaba, 2005). 
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2.4.4.1 Auxin and cytokinin concentration effects 

 

In the culture of asparagus shoots with lateral buds, varying concentrations of NAA and kinetin 

affected both shoot and root growth (Yang and Clore, 1973). Asparagus shoot buds cultured for 

10 weeks on solid medium with NAA and kinetin concentrations varying from 0.0 to 0.5 ppm 

(2.7 µM) and from 0.0 to 0.3 ppm (1.6 µM), respectively, produced vigorous shoots with large, 

white roots and decreased callus formation in the treatments consisting of both 0.1- 0.2 ppm (0.5 

- 1.1 µM) of NAA and 0.1 ppm (0.5 µM) of kinetin (Yang and Clore, 1973). In another 

experiment, when NAA concentration was raised from 0.01 to 0.1 ppm (0.05 - 0.5µM), root 

formation was increased from 18.1 to 64.5% (Yang and Clore, 1974); however, increasing the 

NAA concentration to 0.3 ppm (1.6 µM) caused a reduction of root formation to 46.9%. 

Matsubara and Clore (1974) laid nodal segments of shoots on MS medium supplemented with 

0.1, 0.3, 0.6 and 1.0 mg/l NAA (0.5, 1.6 and 5.4 µM) and 0.1 mg/l (0.5 µM) kinetin, and 

identified 0.3 mg/l (1.6 µM) NAA with 0.1 mg/l (0.5 µM) kinetin as the most suitable treatment 

for shoot and root development. Therefore, low concentrations of NAA and kinetin were 

sufficient for shoot and root development.  

   

In the propagation of a recalcitrant male clone (MD22-8), the replacement of NAA with IAA and 

IPA (indolepropionic acid) increased shoot and root number and elongation (Cheetham et al., 

1992). Shoot number per explant with IAA and IPA was ten and three times greater than that 

with NAA. Culture with IAA and IPA increased the frequency of new root formation 4- to 15-

fold compared to control plants grown with NAA. Root elongation with IAA and IPA were more 

than 60 and nine times greater, respectively, than that for the control grown with NAA.  
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To study the effects of hormone type and concentration on asparagus micropropagation, 

Khunachak et al. (1987) cultured shoot tip apical meristems in modified MS media with 

combinations of auxins (IAA, IBA, NAA) and cytokinins [dimethylallyladenine (DMAA), 

kinetin, benzyladenine (BA)], at 0, 0.125, 0.25, 0.5, 1.0 µM in all combinations. In most media 

combining NAA or IBA with DMAA, multiple shoots of 3 to 10 per 10 explants were observed. 

NAA with kinetin or DMAA media resulted in the development of thin, yellowish roots less than 

5 mm in diameter. Among the combinations, media containing 0.5 µM NAA in combination with 

0.5 µM DMAA showed the most multiple shoots, but the diameters of shoots and roots were 

small, approximately 0.5 mm.  

 

Auxins are also critical for rooting in other species. Damiano et al., (2004) tested IAA, NAA and 

IBA in hazelnut culture, and the highest rooting rate and root number per rooted plants was 

achieved with 9.8 μM IBA. In the culture of Primulina tamiana nodal segments, higher root 

number was also observed from IBA treatment compared to IAA (Padmanabhan et al., 2014). 

 

2.4.4.2 Growth retardant 

 

In the past, asparagus micropropagation often resulted in weak plants with spindly roots and 

shoots, which were difficult to establish in soil (Khunachak et al., 1987). The use of plant growth 

retardants in culture media significantly enhanced asparagus in vitro culture and the production 

of field transplants. 
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Plant growth retardants are synthetic compounds and used to shorten shoots with no damage to 

plant development (Rademacher, 2000). They are antagonists to gibberellins (GA), which are 

responsible for shoot elongation. The mode of action may be to inhibit synthesis of a compound 

that interacts with GA (Leopold, 1971) or to interfere with GA biosynthesis. In addition, plant 

growth retardants are regarded as the most important group of plant growth regulators for 

commercial purposes, such as reducing the cost of mowing turf grasses (Rademacher, 2000).   

 

Several growth retardants have been tested in the tissue culture of asparagus (Khunachak et al., 

1987). Different concentrations of ancymidol [α-cyclopropyl-α-(p-methoxyphenyl)-5-pyrimidine 

methylalcohol], paclobutrazol [(PP-333, 2-RS, 3-RS)-4-chlorophenyl-4-4-dimethyl-2-(1, 2 ,3-

triazol-l-yl)pentan-3-01], phosphon (chlorphonium chloride, tributyl-2, 4-dichlorobenzyl 

phosphonium chloride), B-995 (Daminozide, N-dimethylamino succinamic acid), Amo-1618 (2-

isopropyl-4-dimethylamino-5-methylphenyl-1-piperidine carboxylate methyl chloride) and 

cycocel [chlormequat chloride,  (2-chloroethyl)  trimethyl ammonium chloride] were added to 

the culture media of shoot-tips from female Asparagus officinalis L..  

 

Ancymidol had a positive effect on both shoot and root growth and prevented callus formation 

(Table 1). At concentrations from 1.0 to 2.0 mg/l (3.9 to 7.8 µM), shoots were short and thick 

with long, fleshy roots, while growth of both shoots and roots were reduced when the 

concentration was over 4 mg/L (15.6 µM). On media with paclobutrazol concentration between 

2.0 to 4.0 mg/l (6.8 to 13.6 µM), shoots and roots were much thicker than those of control plants 

growing without retardants, and growth was inhibited when the concentration was  
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Table 1. The effects of different concentrations of growth retardants on shoot and root growth in 

shoot apex culture of Asparagus officinalis L. (Khunachak et al., 1987) 

Retardant  

(optimal 

concentration 

mg/l) 

Concentrations 

tested 

(mg/l) 

Response compared to control plants Callus 

formation Shoot growth Root growth 

Ancymidol  

(1.0) 

0.125-0.5 Thickening  Slightly longer and 

much thicker  

Suppressed  

1.0-2.0 Short and thick Long and fleshy Suppressed 

4.0 Length 

reduced 

Few, short and stunted --- 

8.0 Suppressed Suppressed --- 

Paclobutrazol  

(2.0-4.0) 

 

0.125-0.250 No apparent 

change 

No effect No apparent 

change 

Reduced  

0.5-1.0 Thickening in 

the same 

length 

Longer and thicker, 

number increased over 

control 

Reduced 

2.0-4.0 Much thicker Much thicker Reduced 

8.0-16.0 Inhibited  Inhibited  Reduced 

Phosfon  

(0.025) 

0.0007-0.0015 Length 

reduced 

--- Suppressed  

0.0015-0.0060 Length 

increased 

--- Suppressed  

0.006-0.025 Length 

reduced 

Developed  Suppressed  

B-995 

(2.0) 

0.125-0.500 No apparent 

change in 

length 

No apparent change in 

length 

Induced  

0.5-1.0 Length 

increased 

No change --- 

2.0 Length 

reduced 

significantly 

Number increased Reduced 

2.0-16.0 Inhibited  Inhibited  --- 
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at or over 8 mg/l (27.2 µM). Callus formation was reduced at all concentrations. For plantlets 

cultured with phosfon, shoot length increased when the concentration was raised from 0.0015 to 

0.006 mg/l (0.004 to 0.015 µM); further increases in concentration inhibited shoot growth. Root 

development with no callus formation occurred when phosfon concentration ranged between 

0.006 and 0.025mg/l (0.015 – 0.063 µM). Concentrations from 0.5 to 1.0 mg/l (3.1 – 6.2 µM) of 

B-995 enhanced shoot elongation; when the concentration was increased to 2.0 mg/l (12.5 µM), 

roots developed while shoot growth was suppressed. Amo-1618 improved shoot and root 

thickness, but also induced callus formation. Similar to Amo-1618, callus formation was 

detected in all treatments with cycocel and insignificant improvement of shoot and root 

production was found. Comparing all growth retardants, 1.0 mg/l (3.9 µM) ancymidol and 4.0 

mg/l (13.6 µM) paclobutrazol showed the best and similar improvements for both shoot and root 

thickness (Khunachak et al., 1987). In general, for ancymidol, paclobutrazol and B-995, the 

optimal concentrations were approximately 1 to 2 mg/l. 

 

In contrast, GA3 or GA4/7 demonstrated a negative effect on shoot thickness and root formation 

in asparagus (Khunachak et al., 1987). Ancymidol showed efficient inhibition on GA4/7-like 

activity, reducing the GA level in plant tissue and Amo-1618 and cycoel suppressed GA1/3-like 

reactions. Inhibition of GA synthesis could explain the ability of retardants to improve shoot and 

root growth. In conclusion, ancymidol was the most effective stimulator of shoot thickening, root 

formation, and also the most effective inhibitor of GA4/7-like activities. It was also tested for 

enhancing shoot diameter and bud numbers of asparagus. When it was combined with 

phloroglucinol or typtone and 6% sucrose concentration, a vigorous root system developed in 

solid culture medium (Chang and Peng, 1996). Ancymidol and paclobutrazol are identified as 
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inhibitors of GA biosynthesis, that target an enzyme (ent-kaurene oxidase) that blocks an 

oxidation reaction of GA synthesis (Sponsel and Hedden, 2010).  

 

Ancymidol showed a positive effect on growth of Asparagus maritimus L. as well, a species 

which is the most similar morphologically to Asparagus officinalis L.. Lateral buds from spear 

cuttings were cultured and subcultured on MS medium with agar, 3% or 6% sucrose, and 

different concentrations and combination of growth regulators. Shoot multiplication on media 

with 1.07 µM NAA, 0.93 µM kinetin, and 0.44 µM BA with 3% sucrose and various 

concentrations of ancymidol were tested (Štajner et al., 2002). The lowest concentration of 

ancymidol (0.39 µM) produced the most shoots and crowns, compared to high concentrations 

(1.95 µM and 2.73 µM). Concentrations of ancymidol ranging from 0 to 7.8 µM in combination 

with MS media containing 6% sucrose and 1.07 µM NAA were tested for improving root 

formation; rooting percentage increased from 28.4% to 82% as ancymidol concentration 

increased from 0 to 5.07 µM. Only 37% rooting was achieved at the highest ancymidol 

concentration. Therefore, this compound can improve shoot and root growth at a low 

concentration. 

 

2.4.4.3 Other growth compounds 

 

Phloroglucinol (syn.1, 3, 5-trihydroxybenzene), a phenolic product from phloridzin breakdown, 

increased shoot number and enhanced rooting of asparagus in solid culture (Chang and Peng, 

1996). Tryptone, an amino acid, was also shown to promote shoot number and rooting 

percentage in the micropropagation of asparagus on solid media. 
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2.4.5 Plant density 

 

Lateral bud density in solid medium affected shoot and root growth of asparagus (Matsubara and 

Clore, 1974). Nodal sections were divided into three groups (apical, young and mature bud), and 

plated on MS medium supplemented with 30 g/l sucrose and 7 g/l bacto agar, 0.3 mg/l (1.6 µM) 

NAA and 0.1 mg/l (0.5 µM) kinetin. One, 20 and 50 buds were cultured on 50 ml of medium in a 

125 ml flask. Bud classification depended upon location on a shoot. The shoot with the apical 

bud removed was divided into halves. The bud on the shoot half nearest the apex was considered 

young, and that on the shoot half distal to the apex was considered mature. Vigorous shoot 

growth was found when mature buds were plated at 50-bud density, while apical and young buds 

produced the most shoots per plantlet at a density of 20 buds. Also, with high bud density, apical 

buds grew longer shoots with more nodes, longer and more roots per plant, and increased fresh 

weight per plant, compared to culture of either young buds or mature buds.  

 

2.4.6 Genotype  

 

Genotype is another factor that affects the time of shoot production and root initiation. The MD 

22-8 supermale asparagus clone, which has rust and root rot tolerance, is difficult to propagate 

(Cheetham et al., 1992). In general, its growth rate is much slower and yields fewer than one-

third the new shoots and roots, compared to a closely related female clone. In the University of 

Guelph breeding program, supermale clone G305 generally takes one more month to initiate 

roots than female clone G024 and the roots are usually weak and thin.  
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2.4.7 Photoperiod  

 

In general, a 16/8 h (day/night) cycle satisfies shoot multiplication (Razdan, 2003). In a culture 

of lily bulblets on 3% sucrose, leaf numbers were similar between treatments with 16 h 

photoperiod and continuous light; 16h photoperiod produced more and larger bulblets with 

normal leaves compared to continuous light (Varshney et al., 2000). In plum tip culture, shoot 

numbers did not differ for 16 and 12 h photoperiod treatments (Morini et al., 1991); however, 

both shoot number and rooting percentage were reduced when plants were grown with an 8 h 

photoperiod. In Dioscorea spp., shoot and root growth were not affected by varying photoperiods 

of 8, 12 and 16 h, however, the 16 h treatment also induced aerial roots (Mantell and Hugo, 

1989). Plant may require a minimum photoperiod for culture response, above which no 

enhancement is observed, but in general, photoperiod does not have a significant impact on shoot 

growth. 

 

2.4.8 Other abiotic factors 

 

The rate of asparagus micropropagation varies with genotype, and manipulation of factors other 

than hormones and sucrose can have positive effects. Even though Asparagus officinalis L. 

supermale clone MD 22-8 is appreciated by breeders, it has slow growth rate and reluctance to 

induce roots, which makes the clone difficult to micropropagate (Cheetham et al., 1992). 

Replacing NAA with IAA, plus the addition of 1% carbon dioxide to the air and nutrient mists 

improved the numbers and lengths of shoots and roots.  
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2.5 Liquid culture of plants 

 

In liquid culture, the close contact between plant tissue and culture medium may improve the 

uptake of nutrients and hormones, which enhances shoot and root growth compared to solid 

culture. As a result of shaking, apical dominance is reduced, axillary bud regeneration is induced, 

and the rate of shoot growth increases (Mehrotra et al., 2010).  Liquid culture is also effective for 

reducing costs, because it is easy to change the medium and no agar is used. Explants can be 

extracted from the culture vessel with minimal damage (Pati et al., 2005). 

 

Liquid culture has been shown repeatedly to improve proliferation rates and quality of shoots, 

somatic embryos, microtubers and bulblets, but growth of plantlets in such a system can 

sometimes be problematic (Preil, 2005). Hyperhydricity, which is due to high water potential, 

causes severe disorders and requires control, such as using bioreactors or addition of growth 

retardants to the culture medium. Also, contamination can occur and spread quickly, leading to 

loss of propagules.  

 

Several methods can be used for liquid culture systems. Placing Erlenmeyer flasks on a shaker is 

a simple method for propagation (Grigoriadou et al., 2005).  A box-like vessel can be used to 

improve plant rooting; it is a container which has a lid and consists of a platform to support 

shoots, with holes of certain size. Shoot cuttings can be inserted into the holes and the bottoms of 

the shoots are immersed in medium. When roots are formed, plants can be transferred 

successfully to soil (Pati et al., 2005).  
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Bioreactors are vessels where temperature, pH, aeration, stirring and other factors are under tight 

control. They are designed to propagate with high yields under very controlled conditions, and 

labour costs can be decreased with automation. Physiological disorders such as hyperhydricity 

can also be controlled, making bioreactors highly suitable for mass production (Mehrotra et al., 

2010).   

 

Temporary immersion systems (TIS) are useful in some species because they improve the 

efficiency of gas exchange between plant tissue and gas phase in the vessel (Grigoriadou et al., 

2005). In a newly developed system, a pneumatic cylinder is placed on the top of a 500 ml 

polycarbonate vessel. When immersion occurs, liquid medium can pass through holes which link 

a plastic basket to the piston of the cylinder.  Plants in the baskets can be immersed periodically 

and the cylinder is controlled by an air pump to reduce contamination (Grigoriadou et al., 2005). 

 

2.5.1 Comparison between solid and liquid culture 

 

Liquid culture has been successfully applied for the shoot propagation of Charybdis sp., Olea 

europaea, Rosa damascene, R. bourboniana, Rhododendron cultivars and other plants (Douglas, 

1984; Grigoriadou et al., 2005; Hahn and Paek, 2005; Pati et al., 2005). As early as 1984, 

rhododendron shoots with at least five nodes were cultured in both liquid and solid media 

(Douglas, 1984). Shoot proliferation from axillary buds in liquid culture was 10 times that 

observed in solid culture. It was thought that aeration was improved and the mixing of media 

components was more complete compared to solidified media. The mixing of liquid media was 

considered to decrease the local accumulation of toxins and supply the essential nutrients to the 
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shoots most directly (Harris and Mason, 1983; Douglas, 1984). Cytokinin can also be more 

available under liquid than solid culture conditions and increase shoot production (Debergh et 

al., 1981; Douglas, 1984).  The use of agar might have a negative effect on shoot growth due to 

its chemical and colligative properties. 

 

In a comparison of nodal explants of Rosa chinensis cultured on solid, liquid and two-phase 

media (plants were grown on solid medium for two weeks after which 10 ml liquid medium was 

added to the surface of solid medium), the highest shoot fresh and dry weights and multiplication 

rate was observed on liquid medium (Chu et al., 1993). The effects of BA concentrations from 0 

to 26.6 µM were also tested in solid and liquid culture; multiplication rate was higher in liquid 

medium, compared to solid medium. This was likely due to the improved availability of 

components in the liquid medium (Debergh et al., 1981; Chu et al., 1993). Liquid medium has 

also produced higher shoot numbers per plant than the solid medium for growth of R. chinensis 

minima cv. Red Sunblaze (Hsia and Korban, 1996). For axillary buds of R. damascena and R. 

bourboniana cultured on solid and liquid medium, shoot number on liquid medium was twice 

that for solid medium, and some necrosis occurred on solid medium (Pati et al., 2005). Also, 

stronger shoots with thicker stems were found in liquid medium compared to the solid. These 

results can again be explained by improved availability of cytokinins and nutrients in liquid 

culture.  

 

A comparison of solid and liquid culture for Chrysanthemum nodal segments showed significant 

growth differences between the two treatments (Hahn and Paek, 2001; Hahn and Paek, 2005). 

Total fresh and dry weight (shoot plus root) per explant for plants in liquid culture were more 
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than twice those in solid culture. In addition, explants in liquid medium had greater shoot length 

and leaf area than those in solid culture, as well as greater leaf number per plantlet, chlorophyll 

content and stem diameter. Moreover, no hyperhydricity was found in liquid media, and the 

survival rate of plants was 100%, the same as plants from solid culture. The air supply of 0.1 

vvm (0.1 liter of air passing through one liter of medium) reduced the relative humidity inside 

the vessel, which eliminated hyperhydricity. Similarly, the greater multiplication rate of 

Bambusa tulda shoot and better growth were achieved on liquid medium, compared to solid 

medium (Saxena, 1990); the agar formed a gel and likely absorbed compounds and bound water, 

causing a reduction in the uptake of water, salt irons, hormones and other components in the 

medium. In the micropropagation of shoot explants from Pinus caribaea, shoots elongation was 

greater in liquid culture than solid culture (Skidmore et al. 1988). Therefore, liquid culture has 

consistently enhanced shoot growth in a number of species. 

 

Root initiation can be also improved in liquid medium. The percentage of R. damascena and R. 

bourboniana shoots forming roots was greater in liquid than on solid medium (85.8% and 5%, 

respectively) and rooting occurred within 8 and 12 days, respectively (Pati et al., 2005). The 

roots in liquid medium were longer and more roots were induced per shoot compared to those of 

plants grown on solid medium. All the R. bourboniana plantlets and 96.7% R. damascena 

plantlets from liquid culture survived when transferred to soil. In this study, the composition of 

liquid medium was the same as that of the solid medium. In vitro propagation of Spirea bumalda 

and Prunus cistena showed that rooting percentage was higher in liquid media than that 

containing agar, and addition of agar was a factor that inhibited rooting (Lane, 1979). 
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In summary, shoot and root multiplication can generally be improved on a liquid medium, 

compared to solid medium with the same composition except for the gelling agent. It is likely 

due to the improved availability of nutrients in liquid. 

 

2.5.2 Basal medium type 

 

The use of different basal media in liquid culture may affect shoot proliferation rate and rooting 

percentage. For example, the rate of shoot multiplication and shoot growth were better on MS 

medium than on B5 medium in micropropagation of the bamboo (Bambusa tulda Roxb.) (Saxena, 

1990). Comparison of five standard media [Driver-Kuniyuki-Walnut (DKW), half-strength MS 

with Anderson’s vitamins, half-strength MS with MS vitamins, Anderson stage I, and Anderson 

basal salts with Anderson vitamins (Parfitt and Almehdi, 1994)] for shoot growth in pistachio 

(Pistacia terebinthus L. and Pistacia vera L.) liquid culture indicated DKW medium produced 

the largest numbers of shoots and leaves for all genotypes. DKW medium has lower ammonium 

and nitrate ion concentrations than MS (Bell et al., 2009). It also contains calcium nitrate rather 

than potassium nitrate found in MS medium. 

 

2.5.3 Strength of medium 

 

Compared to solid culture, plants contact the medium more directly in liquid culture; however, 

the sensitivity to medium components, such as water, hormones and nutrients, varies among 

parts of the plant.  Therefore, the strength of the medium is important for successful liquid 

culture. In the liquid propagation of R. damascena, full-strength MS liquid medium promoted 
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shoot proliferation, while root initiation was optimum with culture on half-strength MS media 

with growth regulators followed by full strength MS without growth regulators (Pati et al., 2004; 

Pati et al., 2005).  Shoots of Prunus cistena also rooted best in half-strength MS, compared to the 

full strength concentration (Lane, 1979); 1 µM NAA was also optimal in combination with half-

strength MS for rooting.  

 

In a comparison of 1×, 1.5× and 2× DKW concentration in liquid medium, auxiliary buds from 

walnut (Juglans regia L.) shoots showed longer stems and higher rooting rate but yellow leaves 

after 20 days in 1× DKW medium compared to 1.5× and 2× concentrations (Vahdati et al., 2009). 

The decreased rooting percentage in 1.5× and 2× DKW media could be explained by the low 

ratio of C/N inhibiting rooting. 

 

2.5.4 Sucrose  

 

Carbohydrates serve as external carbon sources in tissue culture and are required for plant 

metabolism. Concentration can affect shoot production and root formation in liquid culture. 

Shoot number and growth of bamboo (Bambusa tulda Roxb.) was optimal when sucrose 

concentration was 2% (Saxena, 1990); concentrations higher and lower than 2% showed a 

negative effect on shoot growth. At 1% sucrose, the shoot number decreased as well as the shoot 

vigor. When the concentration increased to 3% and 4%, shoot number was similar but albinism 

occurred, which indicated that a relatively high concentration of sucrose inhibited chlorophyll 

synthesis and plastids were converted into amyloplasts with no colour.  
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2.5.5 Auxin and cytokinin  

 

Similar to solid culture, type and concentration of auxin and cytokinin as well as the interaction 

of concentrations can influence shoot production and rooting in liquid culture. For R. chinensis 

nodal explants floated on liquid media with 17.8 to 26.6 µM BA resulted in optimal 

multiplication (Chu et al., 1993), however, root initiation was only found on medium without BA.  

 

Subculture of nodal segments of shoots from R. chinensis minima cv. Red Sunblaze on liquid 

MS basal medium with 0.05 µM NAA and BA in various concentrations (0, 1.1, 2.2, 4.4, 8.8, 

and 17.7 µM) (Hsia and Korban, 1996) resulted in more shoots per explant on liquid, than 

obtained on solid medium. The largest number of shoots per explant was achieved by culturing 

explants on the liquid medium supplemented with a high concentration, 17.7 µM, of BA.  

 

Varying the types of auxin and cytokinin in culture can result in different rates of shoot 

formation. For bamboo shoot (Bambusa tulda Roxb.), a proliferation rate of 2-3 fold per three 

weeks was found on liquid MS medium supplemented with 8µM of BAP, which was optimal 

(Saxena, 1990). However, when 4 µM of kinetin was added to this medium, the proliferation rate 

increased to 4-5 fold. Incorporation of IAA, IBA, NAA and phloroglucinol into the medium did 

not show as high a proliferation rate as that achieved by combinations of BAP and kinetin. 

Therefore, combinations of auxins (IAA, NAA) and cytokinins (BAP, kinetin) should be tested 

to determine the optimal treatments for asparagus liquid culture. 
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2.5.6 pH 

 

The optimum pH in liquid culture is often lower than that for solid culture. In the propagation of 

rhododendron cultivars, the pH of liquid media for shoot growth was 5.0, while solid media pH 

was 5.8 (Douglas, 1984). In liquid propagation of bamboo (Bambusa tulda Roxb.), the shoot 

proliferation rate was higher at pH 5.0 (4.5 fold) than pH 5.8 (3.5 fold), but there was no 

difference in general shoot growth for plants grown at the different pH levels (Saxena, 1990). 

The decreased pH in liquid medium may be beneficial, preventing ions to precipitate.  

 

2.5.7 Types of liquid culture system 

 

In liquid culture, different methods can be tested to obtain the optimal propagation rate, 

depending on plant species. Olive (Olea europaea L.) single node segments with two buds were 

cultured in four different liquid systems: LifeReactor (a bioreactor system utilizing a 1.5-liter 

disposable plastic vessel and a 1-liter working volume), shaken Erlenmeyer flasks, filter paper 

bridges and a novel TIS (Grigoriadou et al., 2005). Plants cultured for 30-days with TIS and 

Erlenmeyer flasks achieved the largest number of new shoots per plant (1.93), the highest 

percentage of buds that developed into shoots (97%) and similar shoot length (0.95 cm and 1.40 

cm). Hyperhydricity was obvious after 30 days for TIS culture, and was most severe in 

Erlenmeyer flasks, compared to other systems. Explants grown in TIS for 10 days with 20 days 

of liquid culture achieved the longest shoot length of 1.4 cm without significant hyperhydricity 

problems. New shoot number per plant and shoot average length of the control group in solid 

culture did not differ significantly from those of plants in TIS for 30 days, likely because 
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hyperhydricity had a negative effect on growth. Addition of growth retardants was suggested to 

reduce hyperhydricity. 

 

Three methods of liquid culture were applied to five-liter column-type bioreactors to propagate 

single nodes of Chrysanthemum shoots: ebb and flood culture, deep flow technique (DFT) 

culture and immersion culture (Hahn and Paek, 2005). A plastic net was placed in the bioreactor 

to suspend the shoots in the ebb and flood culture and DFT culture. In ebb and flood culture, 

medium was supplied periodically. In DFT culture, the medium was underneath the shoots all the 

time, while for immersion culture, the shoots were placed in the medium without a net. The 

greatest fresh weight, shoot length and leaf area were found in DFT culture, similar to ebb and 

flood culture, while growth was suppressed in immersion culture. The inhibition might be due to 

oxygen deficiency and high water potential, which affected photosynthesis.  

 

2.5.8 Plant density (number of explants per volume unit) 

 

The number of single nodes per bioreactor can affect shoot growth. Densities of 20, 40, 60 and 

80 single nodes of Chrysanthemum shoots were tested in bioreactors containing four liters MS 

liquid medium and 30 g/l sucrose (Hahn and Paek, 2005). As single node number increased, 

shoot length increased while stem diameter and branch number decreased.  That is, shoot length 

was greatest in the 80-node culture, but the branch number was the least. This indicated that a 

high plant density did not prevent plant growth when a large vessel was used.  
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3  MATERIALS AND METHODS 

 

3.1 In vitro growth of plantlets from germinated seeds 

 

Seeds of asparagus cultivar Guelph Millennium (Fox Seeds. Inc, Canada) were sterilized in 10% 

(v/v) bleach (sodium hypochlorite; Clorox ® Regular Bleach) solution, with pH adjusted to 7.0 

using hydrochloric acid, followed by the addition of two drops of Tween 20 per 1 liter solution. 

Approximately 300 seeds were immersed in a beaker with 150 ml of solution, stirred for 20 min, 

and rinsed three times with distilled water, each for 5 min. Seeds were germinated on Murashige 

and Skoog (MS) basal salts (Murashige and Skoog, 1962; PhytoTechnology Laboratories Inc, 

USA) with 3% sucrose, rooting vitamins (Table 2) and 7% agar; the pH was adjusted to 5.9 prior 

to autoclaving at 21 ℃ for 20 min. In each 25 x 150 mm Borosil test tube containing 12 ml of 

medium, two seeds were germinated and grown for 37 days to serve as a source of explants for 

the experiment determining optimal hormone concentrations. Plants were grown under 

conditions described below.  

 

3.2 In vitro growth of plantlets though micropropagation 

 

Rooted plantlets of female clone G24 were subcultured on solid medium (Table 3) for 1 to 2 

months to generate new shoots (Conner et al., 1992). Shoots without expanded cladophylls were 

selected and cut into segments, each with one node. Each stem segment was placed horizontally 

on solid medium to grow new shoots. The process was repeated to generate a supply of explants  
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      Table 2. Recipes of vitamins (µM) for asparagus media 

 Shoot  Root  

Nicotinic acid 40.0  4.0  

Thiamine.HCl 3.0 0.3 

Pridoxine.HCl 25.0 2.5 

Glycine  ----- 25.0 

Myo-inositol 500.0 500.0 

Adenine hemisulfate 100 ------ 
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     Table 3. Recipes for asparagus shoot and root induction media in solid tissue culture 

Ingredients  Shoot  Root  

MS 4.33 g/l 4.33 g/l 

Vitamins  10 ml/l 10 ml/l  

NAA 0.5 µM 0.5 µM 

Kinetin  0.5 µM 0.5 µM 

Ancymidol  2.5 µM 4 µM 

Na2PO4.2H2O 0.155 g/l ------ 

Sucrose 60 g/l 60 g/l 
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for all experiments except that testing hormone concentrations. Plants were maintained under 

conditions described below. 

 

3.3 Solid and liquid culture conditions 

 

For growth of plantlets from germinated seeds, shoot induction experiments and the propagation 

of plantlets as source of explants in vitro, all cultures were grown at a temperature of 25 ± 3 ℃ 

under continuous light supplied by cool white fluorescent bulbs (Philips, USA; Syvania, USA;) 

at an intensity of 25 ± 5 µmol m
-2

 s
-1

, except for those of the hormone concentration experiment 

where light levels were 14 ± 1 µmol m
-2

 s
-1

. Experiments for root induction, testing auxin type 

and comparisons between liquid and solid culture were conducted at 25 ± 3 ℃ under a light 

intensity of 25 ± 5 µmol m
-2

 s
-1

 with a 16 h photoperiod provided with cool white fluorescent 

bulbs. 

 

3.4 Shoot induction experiments 

 

3.4.1 Experimental design 

 

Each experimental unit consisted of 10 nodes in 5 ml of medium within a 125 ml Erlenmeyer 

flask. The pH of the medium was adjusted to 5.9 before autoclaving at 121 ℃ for 20 min. IAA, 

NAA, kinetin (PhytoTechnology Laboratories Inc, USA) and IBA (Sigma-Aldrich Inc, USA) 

were dissolved with 1 M NaOH as stock solutions. Ancymidol (Sigma-Aldrich Inc, USA) and 
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paclobutrazol (PhytoTechnology Laboratories Inc, USA) were dissolved with ethanol (≤ 2%). 

Plant growth regulators were added to medium before autoclaving. All experiments were 

completely randomized designs, except those comparing photoperiod and solid and liquid culture, 

which were split plot designs. Each treatment was replicated independently in 4 flasks placed on 

a rotary shaker at 80 rpm (Orbit shaker, Lab-line Instruments. Inc, India; GIO Gyrotory shaker, 

New Brunswick Scientific. Inc, Canada) except three replicates were used in experiments 

comparing solid and liquid culture. Shoot and node number (total nodes produced on the newly-

generated shoots) per flask were counted. Shoot length was measured by a vernier caliper 

(Walter Stern Inc, US). The bottom part of each new shoot was measured for thickness. Length 

of all shoot clusters was measured except for experiments testing basal medium type, carbon 

source, and growth retardant experiments, where only two clusters were sub-sampled. Thickness 

of all shoots was measured except for experiments testing medium type and carbon source, 

where two shoot clusters were evaluated. Percentage shoot induction (percentage of nodal 

segments that initiated at least one shoot in a flask) was also calculated. Each experiment was 

repeated independently over time.  

 

3.4.2 Hormone concentration  

 

Different combinations of NAA and kinetin (0, 0.125, 0.25, 0.5 μM) were added to asparagus 

MS shoot induction medium (Table 3) without ancymidol. After 3 weeks, the media were 

replaced; plants were grown for an additional 3 weeks and evaluated. 
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3.4.3 Basal medium type 

 

MS or DKW (Driver and Kuniyuki, 1984; PhytoTechnology Laboratories Inc, USA) basal salts 

with 0.125 μM NAA and 0.5 μM kinetin were compared in liquid medium (Table 3; DKW salts 

substituted for MS). After 2 weeks, medium was replaced with 7 ml; plants were cultured for one 

additional week and evaluated.  

 

3.4.4 Carbon source  

 

Three concentrations, 0.0, 87.6 mM (3%) and 175.3 mM (6%) of glucose, fructose, sucrose and 

maltose were tested with modified DKW liquid medium (Table 3) containing 0.125 μM NAA 

and 0.5 μM kinetin and no ancymidol. After 2 weeks, medium was replaced with 7 ml; plants 

were cultured for three additional weeks and evaluated.  

 

3.4.5 Growth retardant  

 

Four concentrations, 0.0, 0.25, 0.5 and 1 μM, of ancymidol and paclobutrazol, were added to 

modified DKW liquid medium (Table 4) replacing the noted ancymidol. After 3 weeks of culture, 

plants were evaluated.  
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                           Table 4. Recipes for asparagus shoot induction medium in liquid culture 

Ingredients  Shoot  

DKW 5.22 g/l 

Vitamins 10 ml/l 

NAA 0.125 µM 

Kinetin  0.5 µM 

Ancymidol  0.5 µM 

Na2PO4.2H2O 0.155 g/l 

Glucose  15.79 g/l (87.6 mM) 
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3.4.6 Photoperiod 

 

Nodal segments in modified DKW liquid medium (Table 4) were cultured in media on two 

shakers supplied 24 or 16h photoperiods. After 3 weeks of culture, plants were evaluated.  

 

3.4.7 Liquid and solid culture comparison for shoot induction  

 

Nodal segments were cultured in modified DKW liquid medium (Table 4) or solid shooting 

medium traditionally used in asparagus micropropagation (Table 3; addition of 7 g/l agar). For 

solid culture, 20 nodal segments were placed in a Magenta Box (Magenta Corp, Chicago) with 

50 ml of medium. After 4 weeks of culture, plants were evaluated. 

 

3.5 Root induction experiments 

 

3.5.1 Basal medium type, IBA and sucrose concentration experiment  

 

Ten nodal segments of in vitro explants were cultured in each of 18 flasks with 5 ml of liquid 

DKW medium (Table 4) with the ancymidol concentration altered to 1 μM. After 2 weeks, the 

tops of shoots were cut, and the basal portions with at least one node were cultured for 2 

additional weeks in 7 ml of fresh medium. Three flasks were assigned randomly to each of six 

rooting treatments: 0, 10, 15 or 20 μM IBA in MS medium (Table 3) lacking NAA and kinetin 

and ancymidol adjusted to 1 μM, and 10 μM IBA with 3% or 6% sucrose in DKW medium 

(Table 3; DKW substituted for MS). After 5 weeks, root growth was evaluated. The number of 
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days to the initiation of the first root in a flask and the number of roots per flask after 5 weeks 

were recorded. Root thickness was measured adjacent to the shoot cluster using a vernier caliper. 

Root percentage (percentage of shoot clusters per flask) was also calculated. The experiment was 

conducted as a completely randomized design and repeated independently over time.  

 

3.5.2 Auxin type  

 

Nodal segments of in vitro grown explants were established in flasks as described in the previous 

experiment with modified DKW medium (Table 4). After 2 weeks, the medium was replaced 

with 7 ml. Shoots were cultured for two additional week and three flasks were assigned 

randomly to each of four rooting treatments in liquid medium: 5 μM IAA, NAA, or IBA or no 

IBA with MS basal salts, rooting vitamins (Table 2), 0.5 μM ancymidol and 6% sucrose. 

Medium was replaced every 3 weeks for approximately 12 weeks. The experiment was 

conducted as completely randomized design and was repeated independently over time. Root 

parameters were measured as described above. 

 

3.6 Statistical analysis 

 

Statistical analyses were conducted using SAS 9.4 (SAS Inc., Cary, NC). Lune’s Test of Outliers 

(Lund, 1975) was used to identify data that were removed from analyses. Residuals were tested 

by Proc Univariate and data transformation (X
2
) was required for percentage shoot induction for 

the carbon source experiment. All values were back transformed for presentation. 
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The significance of fixed effects was determined by F-test, and Z-test was used for residuals in 

Proc Mixed. Variance of measurements for measured parameters were partitioned into the fixed 

effects of treatment, experiment and experiment*treatment interaction. Because experiment and  

experiment*treatment interaction are factors determining if an experiment is repeatable, they are 

categorized into fixed effects. If latter was significant, each experiment was analyzed separately, 

otherwise data were pooled. Least square means were separated using the Tukey’s multiple 

comparison test (P ≤ 0.05).   
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4  RESULTS 

 

4.1 Shoot induction experiments 

 

Analysis of variance indicated the treatment x experiment interaction was not significant for 

most parameters across the different studies conducted (Table 5); therefore, data were pooled 

over replicate experiments in these cases. For the five parameters with a significant interaction, 

data were analyzed separately for each experiment. The effect of treatment was significant for 

most parameters except those in the medium type and photoperiod studies. 

 

4.1.1 Hormone concentration 

 

Node number per flask did not differ for most treatments, however, medium with 0.5 μM kinetin 

and 0.125 μM NAA produced more nodes than treatments with 0.25 μM or 0.5 μM NAA and no 

kinetin (Fig. 3A). Similarly, shoot number was greater for treatment with 0.5 μM kinetin and 

0.125 μM NAA compared to that with only 0.5 μM NAA (Fig. 3B).  

 

Shoot length varied among treatments and most hormone combinations with 0.25 or 0.5 μM 

kinetin produced longer shoots than the treatment lacking both kinetin and NAA (Fig. 3C). 

Decreased callus formation was observed in media with low NAA concentrations (data not 

shown). The combinations of NAA and kinetin did not affect shoot thickness and percentage 

shoot induction (data not shown). Overall, 0.5 μM kinetin and 0.125 μM NAA were considered 

optimal for shoot induction, producing the greatest number of shoots and nodes for further 
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Table 5. Summary of significant fixed effects P ≤ 0.05 as determined from analysis of variance 

for asparagus shoot induction experiments. 

Study  Parameter  Treatment  Experiment  Experiment x treatment 

Hormone  Node number * NS NS 

 Shoot number  NS NS NS 

 Shoot length * * NS 

 Shoot thickness * * * 

 Shoot induction (%) NS NS NS 

Medium type Node number * * NS 

 Shoot number  NS NS NS 

 Shoot length NS NS NS 

 Shoot thickness NS NS NS 

 Shoot induction (%) NS NS NS 

Carbon source Node number * NS NS 

 Shoot number  * NS NS 

 Shoot length * NS * 

 Shoot thickness * * * 

 Shoot induction (%) * NS NS 

Growth retardant Node number * NS NS 

 Shoot number  NS NS NS 

 Shoot length * * NS 

 Shoot thickness * NS NS 

 Shoot induction (%) * NS NS 

Photoperiod  Node number NS * NS 

 Shoot number  NS NS NS 

 Shoot length NS NS NS 

 Shoot thickness NS NS NS 

 Shoot induction (%) NS * NS 

Solid vs. liquid Node number * NS * 

 Shoot number  * NS NS 

 Shoot length * NS NS 

 Shoot thickness * NS NS 

 Shoot induction (%) * NS NS 

* Significant; NS = non – significant. 
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Fig. 3.  Effects of NAA and kinetin concentrations (0, 0.125, 0.25, 0.5 µM) on node number (A), shoot 

number per flask (B) and shoot length (C) for asparagus shoots initiating from nodal segments in liquid 

MS medium. Data were pooled over four replicates for two experiments. Error bars represent the standard 

error of the mean for each treatment (n = 8). Means with the same letter are not significantly different 

according to a Tukey’s test (P ≤ 0.05). 
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propagation. This hormone concentration was used in subsequent experiments. 

 

4.1.2 Basal medium type 

 

Node numbers per flask were greater for nodal segments cultured on DKW than MS basal 

medium (Fig. 4). However, for both types of media, there were no significant differences for 

shoot length, thickness, percentage shoot induction (approximately 80%), and shoot number per 

flask (Table 6). Overall, DKW was selected for producing the most nodes and used in 

subsequent experiments.  

 

4.1.3 Carbon source  

 

No shoots developed from nodal segments cultured without carbon in the media (data not shown). 

Node number was greatest for 87.6 mM and 175.3 mM glucose or fructose; sucrose at either 

concentration resulted in the lowest response (Fig. 5A). 

 

Shoot number per flask did not differ among sugar sources for the 87.6 mM or 175.3 mM 

concentrations (Fig. 5B). Low glucose (87.6 mM) produced the greatest number of shoots (21.6), 

which was significantly greater than those produced for the 175.3 mM sucrose treatment (10.6). 

Medium with glucose or fructose generally produced longer shoots than that with maltose or 

sucrose (Fig. 5C). Most treatments did not differ for shoot thickness (Fig. 5D).  
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Fig. 4. Effects of MS and DKW basal salts on the number of nodes per flask for asparagus shoots 

initiating from nodal segments in liquid medium. Data were pooled over four replicates for two 

experiments. Error bars represent the standard error of the mean for each treatment (n = 8). 

Means with the same letter are not significantly different according to a Tukey’s test (P ≤ 0.05). 
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Table 6. Effect of medium type (DKW and MS) on shoot number, length, and thickness 

and percentage shoot induction after 3 weeks of culture on liquid medium 

supplemented with 0.125 µM NAA, 0.5 µM kinetin and 6% sucrose.  

Medium type Shoot number Shoot length 

(cm) 

Shoot thickness 

(cm) 

Shoot induction 

(%) 

DKW 20.8 ± 2.0  4.2 ± 0.2  0.07  82.5 ± 4.9  

MS 17.6 ± 1.4  3.5 ± 0.3  0.06  80.0 ± 3.3  

Data present mean ± standard error. Data were pooled over four replicates for two experiments 

(n = 8). Analysis of variance indicated no significant differences. 
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Fig. 5. Effects of carbohydrate type and concentration on node number (A), shoot number per flask (B), 

shoot length (C) and thickness (D), percentage shoot induction (E) for asparagus shoots initiating from 

nodal segments in liquid medium. Data (A-C, E) were pooled over four replicates for two experiments. 

Error bars represent the standard error of the mean of each treatment (n = 8). For shoot thickness (D), 

error bars represent the standard error of the mean of each treatment (n = 4) for two independent 

experiments. Means with the same letter are not significantly different according to a Tukey’s test (P ≤ 

0.05). 
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Approximately 90% of nodal segments initiated at least one shoot for most treatments (Fig. 5E). 

A low level of glucose or maltose was more effective than a high level of sucrose for generating 

shoots. In conclusion, 87.6 mM glucose was sufficient for producing a high number of nodes 

next culture cycle, so it was used in subsequent experiments. 

 

4.1.4 Growth retardant 

 

Addition of growth retardants significantly increased shoot thickness (Fig. 6A, 7). The thickest 

shoots were observed for nodes cultured with 0.5 or 1.0 μM ancymidol.  Addition of 

paclobutrazol to the medium increased thickness compared to the control, however, all 

treatments containing the compound did not differ. Neither compound affected node number nor 

shoot length, compared to the control (Fig. 6B, 6C), as well as shoot number per flask and 

percentage shoot induction (data now shown). Therefore, 0.5 and 1 μM ancymidol were optimal 

for producing shoots that were thicker but the same length as the control. Overall, a low 

concentration of 0.5 μM ancymidol was used in subsequent experiments. 

 

4.1.5 Photoperiod  

 

Shoot length and thickness did not differ for growth under continuous light or with a 16 h 

photoperiod; values were approximately 6 cm and 0.1 cm, respectively, and almost 90% of nodal 

segments initiated at least one shoot (data not shown). Therefore, photoperiod of 24 and 16 h are 
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Fig. 6. Effects of growth retardant type and concentration on shoot thickness (A), node number per flask 

(B), and shoot length (C) for asparagus shoots initiating from nodal segments in liquid medium. Data 

were pooled over four replicates for two experiments. Error bars represent the standard error of the mean 

of each treatment (n = 8). Means with the same letter are not significantly different according to a 

Tukey’s test (P ≤ 0.05). 
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Fig. 7. Effects of growth retardant type and concentration on shoot thickness for asparagus shoots 

initiating from nodal segments on liquid medium (A - control, B - 0.5 μM ancymidol, C - 0.5 μM 

paclobutrazol, D - 1 μM ancymidol, E - 1 μM paclobutrazol). 
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equally effective for shoot induction in liquid culture.  

 

4.1.6 Liquid and solid culture comparison for shoot induction 

 

Shoots were twice as thick when grown in liquid DKW medium compared to solid MS or DKW 

medium (Fig. 8A, 9A). Shoots of plants cultured in either liquid or solid DKW medium were 

longer than those cultured in the traditional solid MS medium (Fig. 8B, 9B). 

 

For node number per nodal explant segment, treatments differed only in one experiment, where 

DKW solid medium produced the greatest values (Fig. 8C). Results with liquid DKW and solid 

MS media did not differ in either experiment. Shoot number per nodal explant segment was 

greater in solid culture with DKW medium compared to MS; values for both treatments did not 

differ from that of liquid culture with DKW medium (Fig. 8D). Approximately 90% of nodal 

segments initiated at least one shoot when cultured in DKW solid medium, which was higher 

than that observed for DKW liquid or MS solid culture (Fig. 8E). Overall, liquid DKW medium 

was optimal for increasing shoot thickness, while solid DKW showed higher percentage shoot 

induction. 

 

4.2 Rooting experiments in liquid micropropagation 

 

In the experiment testing IBA at different concentrations, 10 μM IBA with MS rooting medium 

induced roots after 6 weeks of culture with rooting medium. Treatments with IBA higher than 10 

μM and DKW medium did not show significant root growth at that time. Shoot clusters cultured                 
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Fig. 8. Effects of solid (s) or liquid (l) culture and basal medium, DKW or MS, on shoot thickness (A), 

shoot length (B), node number per nodal explant segment (C), shoot number per nodal explant segment 

(D), percentage shoot induction (E) for asparagus shoots initiated from nodal segments. Data (A, B, D, E) 

were pooled over four replicates for two experiments. Error bars represent the standard error of the mean 

of each treatment (n = 8). For node number per nodal segment (C), error bars represent the standard error 

of the mean of each treatment (n = 4) for two independent experiments. Means with the same letter are 

not significantly different according to a Tukey’s test (P ≤ 0.05).  
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Fig. 9. Effect of solid (s) or liquid (l) culture and basal medium type on shoot thickness (A) and length 

(B) of asparagus shoots initiated from nodal segments. 
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with 10 μM IBA and 6% sucrose initiated roots after 10 weeks of shoot and root induction, and 

approximately 40% of shoot clusters initiated at least one root (data not shown). Those cultured 

with 15 μM IBA initiated rooting after 12 weeks. No root induction was observed with DKW in 

rooting medium. Auxin type affected timing of root induction; roots were initiated after 11, 12 

and 14 weeks of culture from shoot to root induction on IBA, IAA and NAA treatments, 

respectively.  Approximately 40%, 17.5% and 15% of nodal segments initiated at least one root 

with the three hormones in the medium, respectively (data not shown). The optimal liquid 

rooting medium thus far is MS medium with 10 μM IBA, 6% sucrose and 0.5 μM ancymidol.  
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5  DISCUSSION 

 

To select the optimal medium components for liquid culture of asparagus, five parameters 

measuring shoot growth and development were first assessed for treatments testing hormone 

concentrations, basal medium, carbon source and growth retardants. To evaluate root induction 

of plantlets, basal medium, and auxin type and concentration were studied. Optimal shoot growth 

in liquid culture was observed with DKW basal salts, 0.125 µM NAA, 0.5 µM kinetin, 0.5 µM 

ancymidol, 15.79 g/l glucose; thick shoots (0.11 ± 0.005 cm) with high node (3.5 ± 0.5) and 

shoot (1.2 ± 0.1) numbers per segment and percentage shoot induction (78 ± 3.74 %) were 

observed. The greatest root production in liquid culture was achieved with MS basal salts, 10 µM 

IBA, 0.5 μM ancymidol and 60 g/l sucrose. Approximately 40% of nodal segments initiated at 

least one root with a thickness of 0.16 cm.  

 

Auxins and cytokinins are plant growth regulators commonly required in tissue culture. High and 

low ratios of auxin/cytokinin typically induce roots and shoots, respectively, and an intermediate 

ratio results in callus (Christianson and Warnick, 1983). In this study, NAA and kinetin 

concentrations had little effect on shoot growth and development. Most comparisons between 

means for shoot and node number were not significant (Fig. 3A, 3B), but medium with zero or 

low levels of kinetin generally produced short shoots. Shoot thickness was not affected by NAA 

and kinetin concentrations, as was observed by Khunachak et al. (1987) for asparagus 

propagation on solid medium. Callus grew at the cut ends of nodal segments for many hormone 

treatment combinations; the least callusing was observed for treatments with high kinetin and 
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low NAA. Overall, 0.125 μM NAA and 0.5 μM kinetin was selected as optimal for shoot growth 

and development with the least callusing, and used in all subsequent experiments.  

 

DKW and MS basal salts provide inorganic macro- and micronutrients that promote growth of 

plants in culture (Razdan, 2003). In this study, most parameters for shoot growth and 

development did not differ between DKW and MS treatments; however, DKW produced more 

nodes per flask than MS. Since shoot number and length did not differ between treatments, the 

increased node number indicates that internodes are short in DKW medium. Using DKW for 

asparagus micropropagation would be advantageous because the number of explants for 

continued liquid culture propagation is maximized. The positive effect of DKW on node number 

may be due to lower ammonium and nitrate ion concentrations compared to MS medium (Bell et 

al., 2009). Moreover, DKW medium includes calcium nitrate rather than potassium nitrate found 

in MS; the former may be most favorable for growing asparagus shoots in liquid. Root initiation 

was delayed in DKW medium compared to MS, suggesting nitrogen and potassium in the latter 

may be more important than calcium for rooting.   

 

Carbon source is an essential component in tissue-culture medium, because plants do not 

produce sufficient energy for growth by photosynthesis under low light intensities (Santana et 

al., 2011). Consequently, nodal segments cultured with no carbon source did not initiate shoots 

in this experiment. A low (87.6 mM; 3%) concentration of glucose or fructose resulted in 

optimal node and shoot number, and shoot length and thickness compared to a high (175.3 mM; 

6%) concentration or to sucrose and maltose at both high and low concentrations. In the shoot-tip 
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culture of beech, more shoots were produced from 3% glucose treatments than those with 

sucrose at the same concentration (Cuenca and Vieitez, 2000). 

 

The simple structures of glucose and fructose, which are monosaccharides, may facilitate easy 

absorption by plants to enhance growth. As disaccharides, sucrose and maltose may break down 

to glucose, fructose or glucose-1-phosphate in the medium under weakly acid conditions (pH = 

5.9) or when exposed to heat (auto-claving) (Razdan, 2003); this may increase the molar sugar 

concentration to toxic levels. Culture with 175.3 mM (6%) sucrose inhibited growth in liquid 

medium although this concentration is considered optimal for micropropagation on solid medium. 

The increased availability of sugar in liquid compared to solid culture may also be affecting 

osmotic potential, which is known to affect plant morphology (Jeannin et al., 1995). 

 

Although plant growth was similar for 87.6 mM (3%) glucose and fructose, medium with latter 

developed light brown colour after autoclaving that may be due to breakdown into 2-(2-

hydroxyacety1)-furan (Theander and Nelson, 1988; Sawyer and Hsiao, 1992), which is 

considered harmful for tissue growth (Razdan, 2003). Therefore, 87.6 mM (3%) glucose was 

selected as optimal for shoot - induction medium. 

 

Growth retardants such as paclobutrazol and ancymidol have been used to reduce shoot and root 

length and increase thickness in asparagus (Khunachak et al., 1987) by inhibiting GA synthesis 

(Dennis and West, 1965). In asparagus solid culture, ancymidol stimulated short and vigorous 

roots (Desjardins et al., 1987). Thick shoots were also observed in this study with lower 

concentrations of ancymidol than paclobutrazol in liquid medium, similar to that observed on 
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solid medium for asparagus (Khunachak et al., 1987). Optimal growth was observed for 3.9 µM 

ancymidol, compared to 13.6 µM paclobutrazol. Different efficiencies of growth retardants may 

be due to different sites, abilities and ways to depress GA synthesis. For example, ancymidol can 

not only inhibit kaurene oxidation of GA synthesis, as does paclobutrazol, but also interrupt GA 

action (Sponsel and Hedden, 2010). Khunachak et al. (1987) also showed that the combinations 

of auxins and cytokinins cannot duplicate the function of ancymidol to increases shoot and root 

thickness.  

 

In micropropagation, a carbon source added to the medium provides energy for growth because 

photosynthesis has limited benefit to the plant under low light intensities. Traditional 

micropropagation is conducted with a 16 h photoperiod and experiments performed here for 

shoot induction used either 24 h or 16 h photoperiods. Comparison of two phtoperiods 

experimentally indicated no effect on growth. Thus, the 24 h photoperiod had neither beneficial 

nor detrimental effect on growth in liquid culture and different experiments conducted under 

either condition can be compared. A specific photoperiod was also not required for shoot growth 

from nodes with propagation Lilium spp. in vitro (Varshney et al., 2000). 

 

Root induction for in vitro micropropagation of many species occurs with a high auxin (NAA or 

IBA) to cytokinin ratio (Razdan, 2003). In this study, IBA induced plants to root in less time than 

IAA or NAA at the same concentration of 5 μM, although NAA is the most common auxin used 

in solid culture of asparagus (Yang and Clore, 1973; Desjardins et al., 1987), and IBA 

concentrations over 10 μM delayed or inhibited root initiation. IBA is used extensively in the 

liquid culture of numerous species to induce roots (Pati et al., 2005; Mc Alister et al., 2005); 
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therefore, the response with asparagus liquid culture is not surprising. Wiesman et al. (1989) 

believed that improved rooting with IBA resulted from the metabolites of IBA in planta, which 

were more effective than adding IAA, a natural auxin, to the medium. IAA is unstable at room 

temperature, easily reacts to oxidants in culture media, and is sensitive to light (George et al., 

2007), explaining its ineffectiveness. Moreover, degradation of IAA is known to be accelerated 

by MS salts in liquid medium (Dunlap et al., 1986). Therefore, IAA may be less effective than 

IBA when used to induce roots.  

 

Liquid DKW medium was optimal for producing thick shoots, while the highest percentage of 

shoot induction was achieved with solid DKW medium compared to either liquid MS and DKW. 

Survivorship of explants may also be lower in liquid than solid medium. In general, compared to 

solid medium, availability of ingredients increased in liquid, including kinetin, sugar and 

ancymidol (Debergh, 1983). This may help to produce thick shoots in liquid medium. Pati et al., 

(2005) found similar results in the culture of rose nodal explants that more shoots were grown in 

liquid media with thicker stems than in solid medium. In addition, exudates from the culture 

were diluted or removed when the medium was changed (Ziv and Halevy, 1983; Pati et al., 

2005). Air exchange is also improved in liquid culture. Yadav et al. (2003) found that shoot 

growth and proliferation decreased as the agar concentration increased.  

 

Although liquid culture has advantages for shoot growth and development in asparagus 

compared to propagation on solid medium, rooting could not be optimized for liquid culture after 

several parameters were tested in multiple experiments. Roots initiated earlier on solid medium 

than in liquid medium based on current studies (data not shown). In solid culture 
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micropropagation, plants on shooting medium are not subcultured until roots initiate, after which 

plantlets with both shoots and roots are transferred to rooting medium. Rooting may be the 

strategy to survive when plants are under the stress, because nutrients, hormones and sugars 

decrease over the time, usually 6 weeks, that plant roots are grown on solid medium. In liquid 

culture, medium was changed every two to three weeks, in part to accommodate evaporative 

losses, and to supply high auxin levels to induce rooting at the appropriate stage of development; 

plants were not challenged with nutrient or other stresses. A high IBA concentration in liquid 

rooting medium, 10 μM, was required to stimulate rooting. The slow root induction in liquid 

culture may also be explained by the lack of physical pressure against the crown plantlets, which 

is present in solid culture with agar. Future studies are required to investigate the validity of 

stress and physical pressure on root induction.   

 

Liquid culture is an effective system to produce shoots and nodal segments for further 

propagation. Although root induction is delayed by culture in liquid medium, this method 

reduced costs and labor for both shoot and root production.  To date, the best method for 

asparagus micropropagation can be shoot induction in liquid medium followed by root induction 

in solid medium. Future research is required to improve root induction in liquid media; culture of 

plantlets under stress conditions by reducing the concentration of media components and the 

frequency for changing media should be considered.  Use of temporary immersion systems could 

also result in improved rooting. 
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7  APPENDICES 

 

Table A-1. Analysis of variance for node and shoot number in asparagus for an experiment 

testing 16 treatment combinations of NAA and kinetin concentrations, in two replicate 

experiments.  

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 15 96 200 2.07 0.0178 42 1.64 0.0781 

Expt   1 96 237 2.45 0.1206 0 0.00 0.9862 

Expt*trt 15 96 79 0.82 0.6534 21 0.82 0.6542 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

96 6.93 <.0001 26 6.93 <.0001 

 

Table A-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

testing 16 treatment combinations of NAA and kinetin concentrations, in two replicate 

experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 15 96 2.95 5.42 <.0001 0.0001 2.65 0.0021 

Expt  1 96 0.83 5.54 0.0206 0.0053 130.99 <.0001 

Expt*trt 15 96 3.01 1.54 0.1079 0.0001 3.11 0.0004 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

0.54 6.93 <.0001 0.00004 0.54 <.0001 

 

Table A-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

testing 16 treatment combinations of NAA and kinetin concentrations, in two replicate 

experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage shoot induction 

Mean square F value Pr>F 

Trt 15 96 193 0.97 0.4895 

Expt  1 96 63 0.32 0.5738 

Expt*trt 15 96 130 0.65 0.8223 

Residual Mean square Z value Pr>Z 

199 6.93 <.0001 
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Table B-1. Analysis of variance for node and shoot number in asparagus for an experiment 

testing two medium types (DKW and MS) in two replicate experiments. 

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 1 12 930 33.27 <.0001 39 1.44 0.2538 

Expt  1 12 256 9.16 0.0105 8 0.28 0.6075 

Expt*trt 1 12 20 0.72 0.4114 2 0.06 0.8146 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

28 2.45 0.0072 27 2.45 <.0001 

 

Table B-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

testing two medium treaments (DKW and MS) in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 1 12 1.96 4.11 0.0655 0.0002 1.92 0.1907 

Expt  1 12 0.20 0.42 0.5270 0.0001 0.69 0.4216 

Expt*trt 1 12 2.10 4.41 0.0576 0.0001 0.08 0.7862 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

0.48 2.45 0.0072 0.0001 2.45 0.0072 

 

Table B-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

testing two medium treatments (DKW and MS) in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage shoot induction 

Mean square F value Pr>F 

Trt 1 12 25 0.16 0.6981 

Expt  1 12 25 0.16 0.6981 

Expt*trt 1 12 25 0.16 0.6981 

Residual Mean square Z value Pr>Z 

158 2.45 0.0072 
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Table C-1. Analysis of variance for node and shoot number in asparagus for an experiment 

testing eight treatments of carbon source (glucose, fructose, maltose, sucrose) at two 

concentrations in two replicate experiments.  

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 7 48 3768 14.76 <.0001 106 4.37 0.0008 

Expt   1 48 16 0.06 0.8034 16 0.66 0.4205 

Expt*trt 7 48 423 1.66 0.1422 9 0.36 0.9195 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

255 4.90 <.0001 24 4.90 <.0001 

 

Table C-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

testing eight treatments of carbon source (glucose, fructose, maltose, sucrose) at two 

concentrations in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 7 48 64 23.10 <.0001 0.0004 6.63 <.0001 

Expt  1 48 2.44 0.88 0.3536 0.0005 7.71 0.0078 

Expt*trt 7 48 7.53 2.71 0.0190 0.0002 3.58 0.0035 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

2.78 4.90 <.0001 <.0001 4.90 <.0001 

 

Table C-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

testing eight treatments of carbon source (glucose, fructose, maltose, sucrose) at two 

concentrations in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage shoot induction (after transformation) 

Mean square F value Pr>F 

Trt 7 48 15254643 3.09 0.0090 

Expt  1 48 2175625 0.44 0.5099 

Expt*trt 7 48 4689911 0.95 0.4777 

Residual Mean square Z value Pr>Z 

4935625 ------ ------ 
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Table D-1. Analysis of variance for node and shoot number in asparagus for an experiment 

testing seven treatments of growth retardants (ancymidol and paclobutrazol) at different 

concentrations in two replicate experiments.  

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 6 42 127 3.09 0.0134 6.91 1.44 0.2212 

Expt   1 42 73 1.77 0.1901 0.45 0.09 0.7617 

Expt*trt 6 42 73 1.77 0.1284 7.65 1.60 0.1718 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

41 4.58 <.0001 4.79 4.58 <.0001 

 

Table D-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

testing seven treatments of growth retardant (ancymidol and paclobutrazol) at different 

concentrations in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 6 42 14 9.41 <.0001 0.0023 21.32 <.0001 

Expt   1 42 13 8.98 0.0046 <.0001 0.02 0.8993 

Expt*trt 6 42 1.44 0.93 0.4841 0.0001 1.04 0.4148 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

1.55 4.58 <.0001 0.0001 4.58 <.0001 

 

Table D-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

testing seven treatments of growth retardant (ancymidol and paclobutrazol) at different 

concentrations in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage shoot induction 

Mean square F value Pr>F 

Trt 6 42 382 2.46 0.0396 

Expt  1 42 216 1.39 0.2449 

Expt*trt 6 42 53 0.34 0.9089 

Residual Mean square Z value Pr>Z 

155 4.58 <.0001 
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Table E-1. Analysis of variance for node and shoot number in asparagus for an experiment 

testing two photoperiod (24 h and 16 h) treatments in two replicate experiments. 

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 1 12 112 2.05 0.1773 4.99 0.72 0.4132 

Expt   1 12 361 6.61 0.0245 23 3.82 0.0951 

Expt*trt 12 12 169 3.09 0.1040 0.15 0.02 0.8861 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

54 2.45 0.0072 6.95 2.45 0.0072 

 

Table E-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

testing two photoperiod (24 h and 16 h) treatments in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 1 12 0.20 0.19 0.6735 0.0005 4.06 0.0670 

Expt  1 12 1.32 1.26 0.2840 <.0001 0.21 0.6573 

Expt*trt 12 12 1.44 1.37 0.2646 0.0004 3.31 0.0939 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

1.05 2.45 0.0072 0.0001 2.45 0.0072 

 

Table E-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

testing two photoperiod (24 h and 16 h) treatments in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage of shoot initiation  

Mean square F value Pr>F 

Trt 1 12 62 0.60 0.4536 

Expt  1 12 625 6.00 0.0306 

Expt*trt 12 12 25 0.24 0.6330 

Residual Mean square Z value Pr>Z 

104 2.45 0.0072 
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Table F-1. Analysis of variance for node and shoot number in asparagus for an experiment 

comparing solid (DKW or MS) and liquid (DKW) culture in two replicate experiments.  

Source of  

variance 

Num  

df 

Den 

 df 

#Node  #Shoot 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 2 12 5.67 6.58 0.0118 0.40 10.18 0.0026 

Expt   1 12 0.06 0.06 0.8039 0.02 0.51 0.4900 

Expt*trt 2 12 3.52 4.08 0.0445 0.22 2.83 0.0984 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

0.86 2.45 0.0072 0.04 2.45 0.0072 

 

Table F-2. Analysis of variance for shoot length and thickness in asparagus for an experiment 

comparing (DKW or MS) and liquid (DKW) in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Shoot length Shoot thickness 

Mean 

square 

F 

value 

Pr>F Mean 

square 

F 

value 

Pr>F 

Trt 2 12 3.13 4.53 0.0343 0.005 58.50 <.0001 

Expt  1 12 0.20 0.29 0.6001 <.0001 0.29 0.6027 

Expt*trt 2 12 0.57 0.82 0.4617 0.0001 0.93 0.4217 

Residual Mean 

square 

Z 

value 

Pr>Z Mean 

square 

Z 

value 

Pr>Z 

0.69 2.45 0.0072 <.0001 2.45 0.0072 

 

Table F-3. Analysis of variance for percentage shoot induction in asparagus for an experiment 

comparing (DKW or MS) and liquid (DKW) in two replicate experiments. 

Source of 

variance 

Num 

df 

Den 

df 

Percentage of shoot initiation  

Mean square F value Pr>F 

Trt 2 12 433 4.55 0.0364 

Expt  1 12 46 0.48 0.5013 

Expt*trt 2 12 42 0.45 0.6495 

Residual Mean square Z value Pr>Z 

95 2.45 0.0072 

 

 


