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ABSTRACT

Calli from stem cultures of Gossypiim hivsutvm L. were used to 

determine the environmental, nutritional, and hormonal factors necessary 

for optimum growth. Maximum tissue proliferation occurred using a 50 to 
127 mg innoculum and a 6-day culture period. Changes in pH (5.3 to 5.9) 

had no effect whereas the presence of light stimulated growth, greening 

(400-2,000 lux), and the development of red pigmentation (2,000 lux). 
Maximum weight gains occurred with fructose (4.5%), glucose (4.5%), and 

sucrose (3%). Other carbon sources (glactose, maltose, mannitol, and 

sorbitol) would not support growth and undefined organic additives 

(yeast extract, casein hydrolysate, and cotton seed protein hydrolysate) 
had no beneficial effect.

An evaluation of the vitamins tested indicated that thiamine was 
essential for growth, inositol encouraged growth, and ascorbic acid 

decreased necrosis. Pyridoxine, nicotinic acid, biotin, folic acid, 

adenine sulfate, and p-aminobenzoic acid had little or no effect on 

tissue .accumulation. The auxins NAA and IAA (1.0 or 2.0 mg/1) were 

necessary for rapid growth while, in contrast, 2,4-D and p-chlorophenoxy- 
acetic acid inhibited growth. The effect of 0.1 mg/1 cytokinin was 
minor with zeatin inducing the maximum growth response.

Other calli of Gossyp-ium hipsutwn L. were used to determine the 

conditions necessary for the induction of differentiation. The develop

ment of meristematic nodules, an indicator of differentiation, was
xi
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observed on media containing 5 mg/1 cytokinin with no added auxin. 
Zeatin induced the greatest response followed by 6 [y,y-dimethylally- 
(amino)] purine (2iP) , 6-benzy1 adenine and kinetin. Modulation also 

occurred with the use of high levels of carbohydrate (9%), agar (2%), 

and light intensity (1,000 to 2,000 lux).

The continuation of differentiation was observed with the 
development of roots from nodules (produced on medium containing 5.0 

mg/1 zeatin) that were transferred to a nutrient agar containing from 
1.0 to 2.0 mg/1 NAA and 0.1 mg/1 6-BA.



INTRODUCTION

World demand for fibers is growing at a considerable pace. 
Throughout the temperate and tropical zones of the world, the cultiva

tion of cotton has been encouraged because this crop plays a dominant 

role in the fiber market. Cotton is a major crop in most of the 

southern states of the United States and has been described as the most 
important agronomic crop produced in Arizona (Dennis and Briggs, 1969). 

Not only is the fiber in high demand, but also the seed. Cotton seed 
can be processed to provide oil, meal, hulls, and linters, all of which 

are actively sought by food and chemical industries. The list of items 

derived from cotton has now grown from thread and fabric to a multitude 

of products as diverse as margarine and explosive, or soap and plastics, 

with new uses added almost daily.

Cotton production offers scientists a continuing challenge to 
increase yields and develop disease and pest resistance. To support 

this challenge, it is necessary to have an increased understanding of 
basic cell, organ, and system physiology, and the ability to establish a 

productive breeding program with efficient tools for germ plasm selec

tion. Recent developments in cell and tissue culture hold the promise 

to dramatically provide the physiological and genetic techniques neces

sary to accomplish these goals (Bottino, 1975; Green, 1977).

The ability to culture cells and tissues provides a system to 

easily assay the metabolism of a plant. On a cellular level, metabolic
1



2
studies are less complexed by tissue or organ interaction and likewise 

the understanding of induced responses is simplified. With the use of 
cultured cells, the elucidation of metabolic cycles, the establishment 

of exacting nutrient requirements, and the understanding of physio
logical processes can become a reality. The knowledge and information 

derived from these areas provide the Supporting framework for a success
ful plant breeding program.

The aim of any successful breeding program is the manipulation 
of genetically variable populations for identification and selection of 

desirable traits. Tissue culture appears to be an ideal system for 
trait selection because it allows the laboratory manipulation of large 

populations in a relatively small space. Genetic populations which can 

be expensive or unmanageable on a whole plant basis can be sustained in 

a normal laboratory with comparatively little maintenance or expenditure. 

Tissue culture methods can often shorten the time scale necessary for 
results, which would also decrease expenses. Of greater importance, how

ever, tissue culture systems allow the plant breeder to apply microbial 

genetics to specific problems in crop plants. Cultured cells can be 

Used for selecting a multitude of traits such as disease resistance 

(Helgeson, Haberlach, and Upper, 1976), chilling resistance (Dix and 

Street, 1976), salinity tolerance (Dix and Street, 1975), and herbicide 

tolerance (Oswald, Smith, and Phillips, 1977). It also appears that, 
with the development of a complete tissue culture system, consumable 

nutrition can possibly be tailor-made by selecting cultured cells which 

produce higher amounts of specific amino acids (Widholm, 1976).
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The presented potential becomes more important with the develop

ment of haploid cells. Immature pollen grains have now been induced to 

either form callus tissue or differentiate directly into a haploid plant 
for a considerable number of species. The resulting haploid cells can 

be cultured and manipulated into a selection system with the advantage 
of normally recessive genes being expressed. Procedures for inducing 

chromosome doubling, using colchicine for example, can then produce a 
homozygous diploid (Nitsch, 1972). Several excellent reviews, such as 

Vasil and Nitsch (1975) or Rashid and Street (1974), explore this area.

Cell cultures have also proved important in the isolation' of 
protoplasts produced by enzymatically removing the cell wall. Proto
plasts can then be induced to take up foreign material such as macro- 

molecules, DNA for example, and organelles or, perhaps more important, ' 
they can be induced to fuse (Gamborg et al., 1974). Fusable protoplasts 

possess some of the characteristics of gametes, yet are not as restricted 

in the hybrids that can be formed. Parasexual hybrids of tobacco 

{Nieotiana spp.; Carlson, Smith, and Bearing, 1972) or intergenetic 
hybrids, such as barley (Hordeitm vulgar s') and soybean (Glycine max) or 

com (Zea mays) and soybean (Kao et al., 1974), demonstrate the poten

tial that awaits in this relatively unexplored area of plant engineering.

The potential of cell and tissue culture in becoming a valuable 

tool for the improvement of cotton yield and quality depends on the 

acquisition of the knowledge necessary for: 1) the induction of callus
tissue suitable for experimental use, 2) the establishment of optimum 

nutritional and environmental conditions for growth and asexual

l
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propagation, 3) the development of selective trait identification 
methods, 4) the ability to induce the regeneration of the entire plant 

from the cultured tissue, and 5) the production of protoplasts and the 
procedures to induce fusion.

Stem call! were used in this study to ascertain the optimum 

environmental and nutritional factors for growth. This phase of the 
research included: 1) environmental factors such as pH and light,
2) nutritional factors such as carbohydrates and vitamins, and

3) hormonal relationships.. A second phase of the research program was 

to evaluate the conditions necessary for the initiation of cytodiffer- 
entiation. The information produced by this study will, therefore, pro

vide a solid foundation for the eventual development of a complete 

tissue culture system for use in cell metabolism and physiological 

investigations. Results from the latter areas will then aid in breeding 

programs for improved quality and yield in cotton.



LITERATURE REVIEW

General History of Tissue Culture 

Around the turn of the nineteenth century the German scientist, 
Haberlandt, made the first attempts to culture plant cells. His efforts 

were limited and cell division was never observed, but his insight to 
the potential available from such a cultural system has continued to 

Spark scientific investigation (Krikorian and Berquam, 1969).

Haberlandt is credited with the concept of totipoteney Or the potential 
of a Single cell to regenerate the whole organism. The factors respon

sible for the failure of this early work in establishing growing cul

tures were later elucidated to be the nutritional need for B vitamins in 
the support medium, which was established by White (1934, 1937), and the 

importance of plant hormones. Went and Thimann (1937) deserve most of 

the credit for recognizing and establishing the value of auxins such as 

IAA in controlling plant growth. Botanists, with this knowledge, were 

then able to culture a large number of plant tissues. It was the dis

covery of kinetin by Miller et al. (1956), however, that eventually led 

to some understanding of differentiation control and the realization of 

Haberlandt* s foresight.

Many good reviews have now been written on the constituents of a 

cultural medium capable of supporting cell growth and the hormonal rela

tionships important in establishing the differentiation process 
(Murashige, 1974; Gamborg et al., 1976). These papers serve a useful

5
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purpose as guidelines since it has become evident that the nutritional 
composition of the culture medium and the growth factor requirements for 
callus induction and differentiation differ considerably among plant 
species and even genotypes (Saunders and Bingham, 1972; Jacobsen, 1976; 

Mathes, 1964). In a brief literature review on tissue cultures of 

cotton, Smith, Price, and Thaxton (1977) bear out this observation, 

noting that the in v%tvo growth of callus is dependent on species, 
explant source, and methods of culture.

Callus Growth

Basic Cultural and Environmental Factors

Size and Innoculum and Subculture Interval. The initial size or 

weight of the innoculum, a factor which is commonly omitted from experi

mental reports, has proven to be important in establishing callus 

growth. Davis, Dusbabek, and Hoerauf (1974), working with okra 
{Hibiseus esculentus') and cotton, have stated that callus growth is, in 

fact, variable and dependent on the size of the parental innoculum. 

Reported variations in callus innoculum size range from 30 mg with 

Arabiadopsis thatiana (Negrutin, Beeftink, and Jacobs, 1975), or 40 mg 
with Gossypium hirsutwn and G. arborevm (Rani and Bhojwani, 1976), to

120 mg in tissue cultures of Vigna sinensis (Reddy and Narayana, 1974) 

and even 200 mg with Gossypium hirsutim, G. arboreum, and four other 

Gossypium species (Price, Smith, and Grumbles, 1977). Like innoculum 

size, the time span of the experimental culture period has received 

little attention even though extreme values, as short as 120 hours with

i



7
liquid cultures of soybean cells (Sargent and King, 1974) and as long as 
eight weeks in aspen (Poputus tpernuloides') callus cultures (WoIter and 
Gordon, 1975), are commonly reported. Sandstedt (1975) has established 
an optimum growth period of two weeks, whereas Price et al. (1977) used 

three to five week culture intervals for cotton. These investigations 

clearly indicated that both the innoculum size and culture period should 

be critically evaluated for each culture system.

pH. The pH or hydrogen ion concentration of a nutrient medium 

and its direct effects On cell growth have been investigated. These 
studies have shown that in tissue cultures the environmental pH affects 
the availability of metal ions (Klein and Manos, 1960), cell wall exten

sion (Sakurai, Nevins, and Masuda, 1977), and enzyme efficiency 

(Uchimiya and Murashige, 1974). Some authors have shown that pH changes 

in the media have little effect on growth rate (Parrish and Davies, 

1977), while others contend that processes such as embryogenesis have a 

restrictive narrow optimum concentration (Wetherell and Dougall, 1976). 

Tissue cultures of cotton have employed pH levels of 5.0 (Beasley and 

Ting, 1973), 5.6 (Bhojwani, Power, and Cocking, 1977), and 5.7 (Smith et 

al., 1977). In comparison, it is important to note that higher pH 

values of 6.2 and 6.8 are commonly used in incubating and fusing proto

plasts such as soybean and Metitotus (Fowke and Rennie, 1976). Studies 
by Gamborg, Shyluk, and Kartha (1975) have indicated that the frequency 

of cell division is greater at a pH of 6.2 as opposed to a pH of 5.5.
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Light. Light has various effects on cell growth and metabolism. 

It has been shown to stimulate chlorophyll synthesis, influence carbo
hydrate accumulation (Chong and Taper, 1974a), and inhibit growth of 
chlorophyll-free cultures (Logemann and Bergmann, 1974). Other meta

bolic experiments have shown that enzymes such as ribulose diphosphate 
carboxylase and glyceraldehyde 3-phosphate dehydrogenase are detected in 

tobacco cultures only after the tissues are placed in the light (Koth, 

1974). In relation to growth, no consistent correlation can be made. 

Cultures of maize {Zea mays') demonstrated no effect to the presence of 
light (Sheridan, 1975), whereas growth of apple tissues (Matus spp.) 
were either not affected, inhibited, or stimulated depending upon culti- 

var (Chong and Taper, 1974a). Photoautotrophic cultures of tobacco 

cells have been established by Berlyn (1975), utilizing extremely high 

light intensities in the neighborhood of 10,000 lux. Variation also 

exists within the published reports involving cotton callus. Dim 
fluorescent light (approximately 1,000 lux) appeared optimum for stem 
and cotyledons callus, whereas cultures derived from leaves or hypo- 

cotyles utilize high light intensities (8,000-9,000 lux) (Davis et al., 

1974; Sandstedt, 1975; Smith et al., 1977).

Nutritional Factors

Inorganic Salts. The formulation of inorganic salts presented 

by Murashige and Skoog (1962) is widely used in tissue culture investi

gations. The overall concentration of these nutrients is relatively 

high when compared to an evaluation with tobacco tissue cultures by
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de Fossard, Myint, and Lee (1974). These authors have indicated that 

the increased concentration of inorganic salts within a nondetrimental 
physiological range can lead to decreased growth, compact tissue mor
phology, and the regeneration of piantlets. Similar experiments by 
Stonier and Yang (1971) have indicated that varying the levels of 
inorganic salt's influences the rate of release into the medium of a 

variety of factors including the unidentified auxin protectors. They 

also suggest that this might be related to membrane permeability. The 

work of Nitsch (1969) indicated that inadequate levels of iron arrested 

embryogenesis of tobacco cultures at the globular stage. Although the 

exact relationship of inorganic salts is unclear, Pech et al. (1975) 

indicated that the quantity of micronutrients is not critical. Osmotic 

effects which could be related to inorganic salt concentration have been 

shown to have a distinct relationship with growth and morphology and 
will be covered separately with regard to differentiation.

Undefined Organic Additives. Seed extracts, yeast extract, or 
casein hydrolysate as a nutrient factor have seen used to stimulate 

growth of Phaseotus vutgavis (Crocomo, Sharp, and Peters, 1976),

Camelt-ia sinensis (Koretskaya and Zaprometov, 1975), and Vioia faba 
(Mitchell and Gildow, 1975) tissue cultures. Other authors have indi

cated that the undefined organic additives casein hydrolysate and yeast 

extract either have no effect (Rani and Bhojwani, 1976) or inhibited 
growth (Guha and Maheshwari, 1964). Still other authors have incor

porated these substances in tissue culture systems without explanation 

of effect (Nakano, Tashiro, and Maeda, 1975; Constabel et al., 1976).
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Reddy and Narayana (1974) have suggested their use to enhance the pro

liferation rates of many poorly growing tissues* An alternative to 
their use is suggested by Mitchell and Gildow (1975) who demonstrated 

that the enhancement effect could be replaced by supplementing the media 
with amino acids. This Work is supported by the use of amino acids to 
condition a nutrient medium for use in cell and protoplast cultures 

(Simpkins and Street, 1970; Kao and Michayluk, 1975). Other authors 

state that, although certain amino acids stimulate growth in the culture 

of many plants, other amino acids totally inhibit cell proliferation 

(Tyihak, Maroti, and Rathonyi, 1974; Behrend and Mateles, 1975).

Carbohydrates. The importance of the carbohydrate source and 

concentration in supporting as well as directing cellular metabolism has 
stimulated much tissue culture research. Metabolic pathways such as 

chlorophyll Synthesis or phenol production are related to the presence 

and concentration of raffinose, glucose, mannose, starch, and sucrose 

(Hinnawy, 1974; Pamplin and Chapman, 1975; Amorin, Dougall, and Sharp, 

1977). In other areas of research, carbohydrates such as mannitol, 
sorbitol, glucose, sucrose, and xylose have been used as osmotic stabil

izers in the culture of protoplasts (Bhojwani et al., 1977; Michayluk 

and Kao, 1975).

Reviews on carbohydrate nutrition and growth have shown that 

fructose, glucose, sucrose, and sorbitol are often equally effective, 

depending upon concentrations and tissue type (Chong and Taper, 1974b; 

Wallner and Nevins, 1973). A specific review on fructose by Redei

(1974) has indicated that, although fructose is an excellent energy
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source for tissue cultures, upon autoclaving it decomposes rapidly to 
form toxic products.

The early work of Beasley and Ting (1973), studying the develop
ment of cotton ovules on a culture medium, has established some general 
effects of carbohydrates with this genera. Although detailed data were 
not given, these authors reported that glactose and mannose did not 

support ovule growth even though the latter did not stimulate browning, 

a commonly reported problem with cotton. It is interesting to note that 

cotyledones of Gossypvvm herbaoeim have an effective mechanism for 

utilizing galactose under aerobic conditions (Shiroya, 1963).

Beasley and Ting (1973) also stated that sucrose provided for 
good ovule development, as did glucose and fructose, except like gluc- 

tose, sucrose was linked to a tissue darkening. This work led Sandstedt

(1975), working with Gossypiim barbadense and G. hi-rsutum, to use 

glucose instead of sucrose in the culture media. Smith et al. (1977) 

also favored the use of glucose to prevent browning at a three percent 
concentration for optimum growth of Gossypivm arbovevm cultures, but 
fructose was also highly effective. In these experiments, fructose was 

shown to induce the greatest amount of callus growth at low light 

intensities (1,000-2,000 lux) and second to glucose under high light 

(8,000-9,000 lux). The data of Smith et al. (1977) showed considerable 

Variability between experiments using three percent glucose and high 

light possibly due to a small sample size.
In contrast. Rani and Bhojwani (1976) used 20 g/1 sucrose and 

Hsu and Stewart (1976) 40 g/1 sucrose in cultures of Gossypiim hivsutwn,
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but neither made note of tissue browning. The possibility that the pre

viously noted browning is not directly related to sucrose is presented 

by Price et al. (1977) who maintain that hormone adjustments alone can 
'alleviate this problem.

Vitamins. An extensive and often quoted study on the importance 
of defined organic growth factors or vitamins has been published for 
tissue cultures of tobacco (Linsmaier and Skoog, 1965). This work has 

been an important guideline for many researchers, but a complete compari 

son to tobacco, which has proven to be one of the most cooperative 

plants to maintain in culture, cannot be assumed; Additives such as 

thiamine, inositol, pyridoxine, nicotinic acid, biotin, folic acid, 

ascorbic acid, and adenine sulfate have been routinely incorporated into 
nutrient media (Ohyama and Nitsch, 1972; Prabhudesai and Narayanaswamy, 

1975; Eeuwens, 1976; Chu and Lark, 1976). Mellor and Stace-Smith 

(1969), working with potato (Solarium tuberosum) tissues, have stated 

that thiamine and other common growth factors were not necessary or 

useful. Most researchers, however, now agree that thiamine is either 

essential or greatly improves growth of culture systems such as apple, 
pear (Pyrus ocmmm'is), soybean, and potato (Kozhin, Kravtsov, and 

Skorobogatova, 1973; Ikeda, Ojima, and Ohira, 1976; Pennazio et al., 

1976).

The importance of inositol continues to be debated with authors 

such as Sogeke and Butcher (1976) stating it to be nonessential to 

crown gall cell cultures. Other authors, working with Haworthia 
tissues, for example, declare the vitamin to be necessary for survival.
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differentiation, and directly related to growth and chlorophyll synthe
sis (Kaul and Sabharwal, 1975).

Other vitamins such as pyridoxine and nicotinic acid, found to 

be of no value by the early work of Linsmaier and Skoog (1965), have 

been established as important additives to increase growth of 

Broussoneti-a callus cultures (Oka and Ohyama, 1975) . Linsmaier and Skoog 
(1965) also found ascorbic acid to be unnecessary if adequate thiamine 

was present in the medium, whereas Nag et al. (1974) recorded that con
centrations lip to one gram per liter stimulated a considerable increase 
in growth of Datura cultures.

The confusion about the importance of vitamins and organic 
growth factors has also appeared in the culture work with cotton tissue. 

Thiamine, pyridoxine, inositol, and nicotinic acid are constituents of 

the media prepared by Schenk and Hildebrandt (1972), Rani and Bhojwani

(1976), and Bhojwani et al. (1977) . Rani and Bhojwani (19:76) also main

tain the importance of 40 mg/1 adenine sulfate as a factor capable of 

doubling the rate of growth. In order to reduce browning of cotton 

cells, Davis et al. (1974) added 5 mg/1 and later 100.mg/1 ascorbic acid 

to the medium. The importance of thiamine, pyridoxine, inositol, and 

nicotinic acid could not be established in the culture of cotton ovules 

by Beasley and Ting (1973), but Price et al. (1977) have stated that 

pyridoxine, nicotinic acid, and adenine sulfate are not necessary for 

vigorous callus growth from six species of Gossypi-um. In a related 

paper. Smith et al. (1977) state that, not only is ascorbic acid
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unnecessary for growth of Gossypum avboveim cultures, it actually 
inhibits growth compared to a control without this additive.

Hormonal Factors

The importance of the type and concentration of auxins and cyto- 

kinins has been well-established with tissue cultures within the 

Gossyputm species. Authors such as Dougall and Bloch (1976) and 

Bhojwani et al. (1977) have selected the auxin 2,4-D at concentrations 
of 0.1 mg/1 and 2.0 mg/1, respectively, for culturing cotton tissues, 

while Schenk and Hi1debrandt (1972) depended primarily on p-chloro- 
phenoxyacetic acid as the inductive auxin. A more complete study per

formed by Price et al. (1977) suggests that hormonal requirements for 

optimum growth are dependent upon the species. Using six Gossypum 
species, these authors have found a range of auxin concentrations from 

0.1 mg/1 to 2.0 mg/1 and cytokinin concentrations from 0.5 to 10.0 mg/1 
to be involved in selecting the optimum ratios. In this study, the 

auxins NAA and IAA were coupled with cytokinins 6-BA, 2iP, and kinetin 

to establish the phytohormone requirement of each species.

Callus Differentiation

Introduction

Differentiation in Gossypum sp. The development of a tissue 

culture system capable of improving techniques for the selection of 

desirable traits in crop plants hinges on the ability to induce the 

cytodifferentiation process and regenerate the whole plant. Numerous
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reports have been published on the establishment of cell or tissue cul
tures of cotton {Gossypvm spp.), but there has been no distinct progress 
toward defining the differentiation requirements for plant regeneration 

(Davis et al., 1974; Sandstedt, 1975; Rani and Bhojwani, 1976; Stewart 
and Hsu, 1977; Smith et al., 1977; Barrow, Katteiman, and Williams,

In Press).

Indications of the Differentiation Process. The cytodifferentia- 
tion process is considered to be the sum of the events by which changes 
in the metabolic pathway make it possible to distinguish daughter cells 
from each other or the parental cell. Although the cells contain the 

same genome, they maintain different patterns of protein synthesis 

leading to structural and functional specialization. The term differ

entiation is often used to indicate the continuation of cytodifferentia- 
tion with the development of organized structures such as roots and 

shoots. On a microscopic level, the development of xylem or tracheidal 
elements has been the tissue of choice to denote the initiation of 

differentiation because of the unique appearance of the secondary 

thickenings of the cell wall, the specific staining characteristics due 

to the presence of lignin, and the ability to biochemically assay 

enzymes such as phenylalanine ammonia lyase (PAL) involved in all wall 

deposition (Roberts 1976; Sugano, Iwata, and Nishi, 1975). The continu

ation of the differentiation process may be observed on the macro level 

with the development of meristemoids, nodules, emryoids, and roots or 
shoots. Indeed, the work of Vasil and HLldebrandt (1966a, 1966b) sug

gests that meristemoids, through further cell proliferation, are

\ - ■
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transformed into vascular nodules from which shoot and root primordia or 

incipient embryos may arise. The development of root and shoot primordia 
Of embryoids from vascular nodules is further substantiated by the work 
of Wadhi and Mohan Ram (1964) and de Fossard (1974). Lee and de Fossard 
(1974), working with eucalyptus callus, suggested that the development 

of a nodular appearance should be used as an indicator of the differ

entiation process. It should be noted, however, that the development of 
vascular nodules does not always develop during differentiation. For 

■example. Button, Kochba, and Bornman (1974) observed the direct develop
ment of embryoids from surface cells of Shamouti orange [C'itrus 
sinensis') callus and Williams and Collins (1976) reported a similar 

differentiation process with celery (Api-im gvaveolens) callus cultures.

Parameters of Differentiation

General Review. The induction of the differentiation process in 

tissue cultures is apparently very complex and dependent upon a number 
of variables. It is apparent that nutritional support to maintain 

healthy growth is essential, but it in itself is not generally consid
ered a critical factor in the initiation or continuation of the differ

entiation sequence. It is pointed out by Roberts (1976) that certain . 

hormones, namely auxins and cytokinins, are continually reported in the 

literature and appear to be essential or.critical in this process.

Other constituents such as accessory hormones, nutrients, and environ

mental parameters undoubtedly play important roles but their involvement 

is probably not specific and unique in the establishment of
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differentiation. This second group of supplements is generally referred 
to as associated or controlling factors„

Tremendous variations in the requirements for differentiation 
are reported in the scientific literature depending upon the parental 
tissue of the cultured cells and the plant species. This variation is 
probably due, in part, to the endogenous production of critical factors 

(auxins and cytokinins) which are seldom evaluated because of a lack of 

accurate and efficient procedures. Indirect evidence suggests that 

endogenous levels of hormones do occur in both parental tissue used in 

initiating callus or plant!ets (Welander, 1974) and in subcultured 

callus (Fridborg and Eriksson, 1975). These views are supported by 
indirect evidence; for example, Nitsch (1972) reports that both auxins 

and cytokinins inhibit plantlet formation from tobacco pollen cultures. 

Furthermore, in a related experiment 1% activated charcoal incorporated 

into the medium increased the frequency of plantlet production in the 
system used by Nitsch (Anagnostakis, 1974). It has been shown by 

Constantin, Henke, and Mansur (1977) that activated charcoal can absorb 

both auxins and cytokinins. This proposed action of activated charcoal, I
was used by Fridborg and Eriksson (1975) to infer the endogenous produc
tion of hormones. These authors reported that medium containing 1% 
charcoal induced embryogenesis in cultures of Bavaus carota in which 

embryogenesis could not be initiated by omitting auxin from the medium. 

Fridborg and Eriksson (1975) also showed that cultures of Gtye-tne max 
and Haplopappus graail-is grow without the addition of auxin, but the 

inclusion of charcoal in the media totally inhibits growth. Apparently,
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the activated charcoal is removing substances necessary for growth from 

the medium, one of which is probably an endogenously produced auxin.

Critical Factors. The importance of auxins as a dominant factor 

in the initiation of cytodifferentiation is substantiated by research 
with Coleus, Laotnaa, and Jerusalem artichoke (Helianthus tuberosus') 
(Jacobs, 1952, 1954; Jacobs and Morrow, 1957; Dalessandro, 1973a,

1973b). Further work by Dalessandro and Roberts (1971), using pith 

parenchyma explants of lettuce and exogenous concentrations of 1AA, NAA, 

and 2,4-D has indicated that the pattern of xylem formation is not only 

influenced by hormone concentration but also by the type of auxin 
employed.

The critical role of cytokinins relates to the early work of 

Young (1954). Working with Lupinus seedlings, Young (1954) established 

that auxins alone could not replace xylogenic factors originating in the 

leaf primordia of developing stems. ■ These xylogenic factors are 

possibly cytokinins. The exact relationship of cytokinins in the differ

entiation process is difficult to ascertain with in vivo experiment 

because most tissues and organs of higher plants contain appreciable 
amounts of these substances (Torrey, Fosket, and Hepler, 1971). The 

necessity of cytokinins in initiating a differentiation response has 

been well-documented in tissue cultures of Datura pollen (Cuba and 

MaheShwari, 1966), quaking aspen callus (Winton, 1968), explants of rape 

{Brassioa napus) (Kartha, Gamborg, and Constabel, 1974), white spruce 

(Picea glaueay callus (Cambell and Durzan, 1975), tobacco pith (Brossard, 

1976), Diosobrea ftorVbunda cultures (Lakshmi-Sita, Bammi, and Randhawa,
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1976), Lî mmophita ohinerisi-s cultures (San gw an, Norreel, and Harada, 

1976), and several species of the Cupressaceae (Thomas, Duhoux, and 

Vazart, 1977). As with the auxins, the cpncehtration and species of 

cytokinin is important in determining the differentiation response, 
Dalessandro and Roberts (1971) found zeatin > kinetin > 6-BA in stimu
lating a xylogenic response in Lactusa cultures. These authors also 

noted that optimum cytokinin concentration was dependent on the auxin 

employed. Dudits, Nemet, and Haydu (1975) also indicated that the mor- 

phogenic response differs depending on the incorporated cytokinin but in 

contrast reported that zeatin was less effective than kinetin or 6-BA in 

the induction of shoots and roots in cultures of wheat {Trit'iewn 
aestiuum) .

Induction of cytodifferentiation and the continuation of that 
process toward organ formation in callus culture as previously noted is 

dependent primarily on the establishment of optimum auxin and cytokinin 

concentrations. Authors such as Prabhudesai and Narayanaswamy (1973) 

have further defined the induction of differentiation as a delicate 

balance in the ratio of these critical factors. This point is also 

illustrated by the shoot regeneration work of Power et al. (1976). The 

above authors concluded that each of the six species or hybrids of 

Tetunia tested had a unique optimum hormone ratio and a requirement for 

a specific auxin and cytokinin in the regeneration response. Although 

variations in the hormones and their effective concentration exist 

depending on the origin of the callus and the plant species, it has 

become established that generally a high cytokinin-to-low auxin ratio is
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necessary for the induction of shoots (Skoog and Miller, 1957; Haddon 
and Northcote, 1976). Several authors working with carrot (McWilliam, 
Smith, and Street, 1974), PaniQim (Rangan, 1974), asparagus {Asparagus 
officinalis) (Dang, Norreel, and Masset, 1975), ranunculus [Ranunculus 
sceleratus) (Dorion, Chupean, and Bourgin, 1975), maize (Green and 

Phillips, 1975) , kale [Brassica oleracea acephata) (Horak et al., 1975), 
Arabidopsis (Negrutin et al., 1975), Fhragmites (Sangwan and Gorenflot, 

1975), and Hemerocallis (Heuser and Apps, 1976) have noted that the 

transfer of callus from a maintenance medium containing auxin to a 

differentiation medium void of this, hormone promoted the differentiation 
process. This sudden removal of auxins undoubtedly leaves endogenous 

concentrations in the callus and, therefore, sets up diffusion gradients 

capable of producing a multitude of ratios in micro areas.

Other researchers feel that it is the sequence that gives con

trol on the induction process (Miszke and Skucinska, 1974; Gresshoff and 
Doy, 1972a; Anderson and Carstens, 1977). Saunders and Bingham (1975) 

illustrate this point with alfalfa [Medicago saiiva) cultures using a 

two-media sequence, the first containing 2,4-D and kinetin followed by a 

second containing no auxins and 2 g/1 yeast extract.

Associated Factors. Enhancement of the differentiation response 

by the manipulation of associated factors has been well-established.

The hormone gibberellic acid, for example, appears to have a synergistic 

effect with cytokinins in inducing xylogenesis with Jerusalem artichoke 

explants (Dalessandro, 1973a), bud differentiation in Limnophila 
chinensis callus cultures (Sangwan et al., 1976), and shoot initiation
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with callus cultures of tobacco (Engelke, Hamzi, and Skoog, 1973). Con
flicting reports, however, with Eelopiopsis oriental'Cs (Kato and Kongo, 

1974) and Jerusalem artichoke (Minocha and Halperin, 1974) indicate that 
gibberellic acid, especially at concentrations greater than 10-  ̂M, can 
inhibit a differentiation response.

Nutritional factors such as casein hydrolysate with nigella cul

tures (Banerjee and Gupta, 1975), yeast extract in alfalfa cultures 

(Saunders and Bingham, 1975), and adenine sulfate with asparagus cul

tures (Dang et al., 1975) have been shown to encourage differentiation.
The most controversial nutritional factor, however, is the car

bohydrate source and concentration. The work of DeMaggio (1972) indi

cates that this relationship is apparently more than just nutritional 

support. Bern garnetophytes cultured with two percent sucrose exhibited 

a ten-day lag before the formation of tracheary elements was observed, 

whereas cytodifferentiation occurred immediately when the carbohydrate 

concentration was increased to five percent. A comprehensive study pre
pared by Roberts (1969) states that sugar, in a complex role with auxins 

and cytokinins, is involved in the origination of vascular nodules. 

Roberts (1969) goes on to say that the type of vascular differentiation . 

is dependent upon the concentration of sucrose in the medium. Authors 

such as Fadia and Mehta (1973) and Van, Dien, and Chylyah (1974) have 

given the carbohydrate sucrose a critical role in differentiation and 

state that the ratio of auxin, cytokinin, and sucrose in the medium 
determine the relationship among growth, xylogenesis, and organogenesis. 

The exact concentration of carbohydrate necessary to induce
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differentiation varies with plant species. Reducing the carbohydrate 
concentration below three percent or its complete omission was found to 

favor differentiation in tobacco (Barg and Umiel, 1977), Jerusalem arti
choke (Phillips and Dodds, 1977), and Shamonti orange (Kochba and 
Spiegel-Roy, 1977). Other authors have noted that increasing the carbo

hydrate concentration to eight and ten percent induced organogenesis in 

pine (Greenwood and Berlyn, 1973), flax {Linum usitati-ssimum) (Mathews 

and Narayanaswamy, 1976), and sugar beet {Beta vutgarts') (Welander, 
1976).

Since increasing the concentration of carbohydrates in the 

nutrient medium lowers the availability of water to cultured tissues, 

the resulting water stress may influence the differentiation processes. 

Doley and Leyton (1970) examined the effects of water potential in the 

presence of various growth regulators on the development of wound callus 

in Fraxinus. Using sucrose or polyethylene glycol, they noticed that 

not only was xylogenesis stimulated by lowering the water potential but 

also that the optimum auxin concentration for differentiation increased 

as the available water decreased. Bomman and Fanshawe (1976) observed 

similar results using agar concentration to control available water in 

tissue cultures of Welwttsahia. In this study, as the agar concentra

tion was increased from 0.5 to 1.5%, distinct surface nodulation 
occurred containing vascular elements arrayed in sheets. Perhaps this 

is related to the more frequent induction of differentiation in 

Gladiolus hoTtulans callus grown on agar rather than liquid media 

(Simonsen and Hildebrant, 1971) and the observed organogenesis in tissue
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cultures of ivy (Hedera spp.) when allowed to remain on the medium for 
extended periods of two to three months (Stoutemyer and Britt, 1965).

The relationship between decreased osmolarity and differentia
tion has not proven to be consistent. The work of Kimball, Seversdorf, 

and Bingham (1975) has shown that decreasing the osmolarity with 
mannitol, sorbitol, glucose, or sucrose did not increase the frequency 

of adventitious bud differentiation in cultures of soybean. Related 

experiments with sycamore callus by Wright and Northcote (1973) gave 

comparable results using polyethylene glycol as the osmoticum.
The environmental factor, light, has also proven to be involved 

in the differentiation process and can produce strong morphogenetic 

effects on the development of somatic embryos (Ammirato and Steward, 

1971). Tissue cultures of tomato (Lyaopepsicon esoutentum) (Gresshoff 

and Doy, 1972b), Digitalis (Corduan and Spix, 1975), and daylilies 

(Hemevoeallis) (Meyer, 1976) were found to differentiate only in the 

light, whereas somatic embryos from cells of caraway have been shown to 

develop in the dark but, as noted by Ammirato (1974), they were subject 

to abnormalities. Experimental studies performed by Seibert, Wetherbee, 

and Job (1975) have suggested that both wavelength and intensity are 

equally important parameters in determining morphogenic change in 

tobacco callus. The interaction between light and differentiation has 

been related to hormonal concentrations by the work of Letonze (1974). 

Using willow {SaVix bdbylonioa') cuttings, Letonze has shown that the 

effect of red light on relaxing suppression of auxiliary buds can be 

replaced by cytokinin concentrations.



MATERIALS AND METHODS

Callus Selection

Preliminary experiments involving a hormonal matrix containing 
the auxin naphthalene acetic acid (NAA), at concentrations of 0 to 20 
mg/1, and the cytokinin 6-benzyladenine (6-BA), at concentrations of 

0, 0.1, 0.5, and 1.0 mg/1, were designed to evaluate the ability of 

various organs or tissues of the cotton plant {Gossyptum barbadense and 

G. ■ hivsubvon), to produce callus of suitable quality for growth and 
differentiation studies.

Hypocotyl and cotyledonary tissues were examined from sterile 

germinating seeds of G. barbadense. The cotyledons, cultured with 17 

mg/1 NAA, gave rise to hard, slow growing callus which, in turn, gave 

rise to a friable, fast growing callus after approximately eight months 

in subculture with 2 mg/1 NAA and 0.1 mg/1 6-BA (Katterman, Williams, 

and Clay, 1977). In contrast, 1 cm whole sections of hypocotyl tissue, 

on medium containing 2 mg/1 NAA and 0.5 mg/1 6-BA, enlarged several fold 

before breaking open to display a light friable tissue. A quantity of 
hypocotyl callus sufficient for experimental use was never achieved.

Callus was obtained from leaf discs following the procedures of 

Davis et al. (1974). A light tan, slow growing callus was produced on 

medium containing 1 mg/1 NAA, instead of 0.1 mg/1 2,4-dichlorophenoxy- 

acetic acid (2,4-D) as indicated by Davis et al. (1974). The callus 

generally originated from the cut ends of leaf veins, but it was
24
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difficult to induce or subculture and, therefore, discarded as unaccept

able. Using stem tissue cultured with 1 mg/1 NAA instead of 5.0 pM 

indold-3-acetic acid (IAA), a hard, slow growing callus was produced.
This callus was essentially identical to the cotyledonary callus and 
after approximately six months in culture gave rise to a soft, friable, 

fast growing, light colored tissue. Sandstedt also kindly provided 
samples of his friable stem callus and a visual comparison indicated 

that tiie fast growing cotyledonary and stem callus from this laboratory 

were indistinguishable.

Internal parenchymous tissue of floral buds 4 to 10 mm in length 

was found to readily give rise to fast growing, friable tissue when cul
tured with 2 to 5 mg NAA per liter, but it was tedious to isolate the 
innoculum and other bud parts; the style, for example, gave rise to 

slower growing tissues, making selection of a uniform callus for large 

experiments precarious.

The use of immature anthers as an explant for callus production
'was explored and established (Barrow et al., In Press). Anther callus 

was found to be easily sub cultured, uniform, and relatively fas t growing.
From these studies, the fast growing, light colored, uniform 

callus originating from stem tissue of Gossypivm hi-vsutim was selected 

for metabolism studies and will be referred to as stem callus. The 

criteria for the use of this callus were its—extreme tissue uniformity 

and its exceptionally fast growth with a culture period of 7 to 10 days, 

a distinct advantage in metabolic studies. Stem callus was chosen over 

the apparently identical cotyledonary callus because stems can be used
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in the propagation of traits obtained through field observations. Early 

differentiation experiments agreed with the observations of Sandstedt 

(1975) that the fast growing stem callus did not appear predisposed for 

organogenesis and, therefore, the anther callus of G. htvsutwn variety 
Stonevilte 2B was selected for differentiation studies. Anther callus 

was preferred for differentiation studies because of its demonstrated 
potential in producing varied amounts of haploid cells (Barrow et al.,

In Press).

Environmental Cultural Conditions 

All callus growth and differentiation experiments were carried 

out under identical conditions unless specified. A lab line (Model 844) 

incubation chamber was used to provide an alternating 18-hour light 

period followed by a 6-hour dark period. . Two 20-watt, Ultra-Lux, 
reflector fluorescent tubes (Nu-Lite Corp.) provided an equal distribu

tion of 1,000 ± 100 lux of light which was shown to be optimum for 

growth in experiments to be discussed later. The incubation chamber 

maintained a constant temperature of 29 ± 2°C, considered optimum by 

Davis et al. (1974), and continuous air flow over two 10" x 12" x 3" 

pans of water provided a relative humidity of 70 ± 10%. Test conditions 

were maintained for a period of seven days for all growth studies 

involving stem callus and 30 days for anther cultures unless otherwise

noted.
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Basic Cultural Medium

All callus growth and differentiation experiments were carried 

Out On a basic medium (Table 1) containing the mineral salts and iron of 

Murashige and Skoog (1962). Unless otherwise stated, the following were 

standard additions: 30 g/1 glucose in place of sucrose as suggested by

Sandstedt (1975); 100 mg/1 myo-inositol; 0.4 mg/1 thiamine-HC1; and 

solidified with 10 g/1 agar (Nutritional Biochemical Corp.). The pH of 

the medium was adjusted to 5.7 ± .1 with 0.1 N KOH or HC1 before the 
addition of the agar. . Results to be presented indicate that the above 
concentrations of iron, inorganic salts, myo-inositol, thiamine, and pH 

were close to optimum and these conditions were maintained throughout 

the experiment as the basic medium.

Screw-top culture bottles with a capacity of 30 ml were filled 

with 10 ml of test medium and autoclaved at 121°C and 15 pounds of pres

sure for 15 minutes. All modifications to the basic medium were done 

prior to autoclaving unless otherwise stated. After autoclaving, the 

media were allowed to sit at room temperature (22 ± 2°C) for 3 to 5 days 

before use to make observations for possible contamination and to allow 

any surface liquid to dry.

Maintenance Cultures

Maintenance cultures of both stem and anther callus were grown 
in advance of experimental need according to the previously discussed 

environmental conditions and basic medium (Table 1). When growth 

experiments involved the evaluation of hormones or vitamins normally 
present in the basic medium (i.e., NAA, 6-BA and inositol, thiamines.
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Table 1. Composition of the basic nutrient medium for maintenance 

of cotton callus.

Major Salts3- mg/1
NH4NO3 1650

m 3 1900
CaCl2°2H20 440

MgS04«7H20 370

KH2P°4 170

Minor Salts3 mg/1

H3B°3 6.2
MnS04«4H20 22.3

ZnS04«7H20 8.6
KI 0.83

Na2Mo04«2H20 0.25

CuS04»5H20 0.025

CoC12«6H20 0.025

Soluble Iron3 mg/1
Na2EDTA 37.3

FeS04«7H20 27.8

Vitamins3 mg/1
Thiamine°HC1 0.4

Myo-inositol
1

100

Carbohydrate^
Glucose 30 g/1

Hormones
Stem callus 0.9 mg NAA/1
Anther callus 2.0 mg NAA/1 

0.1 mg 6BA/1

Agar 10 g/1

PH 5.7

aMurashige and Skoog (1962) 
^Sandstedt (1975).
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respectively), these compounds were reduced to their lowest possible 
levels. For these purposes, NAA, 6-BA, and inositol were completely 
removed but thiamine was maintained at 0.01 mg/1. Maintenance cultures 
were subcultured twice on the above-described media before experimental 
use in order to reduce intracellular accumulations of these compounds 

which might distort the final data. Cultures to be involved in differ

entiation studies were grown with 0.1 mg NAA and without 6-BA for 30 

days prior to experimental use and each experiment was subjected to a 

second subculturing on media with identical hormonal modifications 
before data were recorded.

Innoculum pieces of stem or anther callus weighing 50 ± 5 mg 

were used in all experiments. Initial tests to be discussed later indi

cated that 50 ± 5 mg was the optimum innoculum weight for maximum 

growth. Callus for experimental use was carefully selected for uniform

ity in growth, color, and general health before gently transferred to 

avoid cellular damage using a sterile flamed spatula and a positive 

pressure transfer chamber previously surface sterilized with 95% ethyl 

alcohol and germicidal UV lamps. Only the surface tissue of the main

tenance callus was used in an effort to avoid metabolic differences of 

possible quiescent interior cells. The cut surface of the innoculum was 

placed against the medium surface.
All experiments with stem or anther callus employed 12 samples 

per treatment, but only 10 samples were used to compute growth data.

Two samples were deleted from each treatment in order to remove the
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effect of contamination or tissue damage during transfer from unjustly 
influencing the final data.

Experimental Evaluations of Conditions 
Necessary for Optimum Growth

A series of basic experiments, involving the effects of innoculum 
size and weight, test period length, medium pH, light intensity, 

inorganic salts, and available iron, were performed with stem callus to 
provide a framework for subsequent experiments dealing with undefined 

organic additives, vitamins, carbohydrates, and hormones on both stem 

and anther callus (Table 2). Information gained from these experiments . 
was checked with anther callus and in all cases the relationships and 
trends were identical.

The effect of organic supplements as a nitrogen or energy source 

was evaluated with the basic cultural conditions. Chemically variable 

additives such as yeast extract (Difco Laboratories) , enzymatically 

hydrolyzed cotton seed protein (Nutritional Biochemical Corp.), and 

enzymatically hydrolyzed casein (Calbiochemical Corp.) were indepen

dently tested at concentrations ranging from 0 to 500 mg/1 for effect on 

stem callus growth.

Seven of the most commonly used carbohydrates (i.e., glactose, 

maltose, mannitol, sorbitol, sucrose, glucose, and fructose) were used 
at 3.0% concentration to determine their effect on callus growth.

Sucrose at 1.5, 3.0, and 4.5%; and glucose or fructose at 1.5, 3.0, 4.5, 
6.0, and 9.0% media concentrations were also used to establish the 

growth effect of carbohydrate concentration.



Table 2. Experimental alterations of the basic cul
tural conditions to establish requirements 
for optimum callus growth.

Test Variable Test Range

Innoculum size 4 to 15 mm
Innoculum weight 16 to 238 mg

Length of test period 2 to 21 days

Medium pH 4.5 to 7.0

Light intensity 0 to 2,000 lux

Inorganic salts 
(macro vs. micro)

O.lx to 3x concentration 
in basic medium^

Available iron 2.8 to 11.0 mg/1

Basic medium as presented in Table 1.
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Vitamins listed in Table 3 were evaluated at concentrations sug

gested by other researchers such as Linsmaier and Skoog (1965). Vitamin 

concentrations from 0 to 2.5 mg/1 were employed with thiamine°HC1, 

pyridoxine°HC1, nicotinic acid, biotin, and folic acid. Thiamine at the 
above-stated concentrations was also added with 0.5 mg/1 pyridoxine °HC1 
and 0.5 mg/1 nicotinic acid to establish additive or combined vitamin 
effects. The growth relationship of inositol, as either a vitamin or 

organic nutrient> was- evaluated by the addition of concentrations from

0 to 4 g/1 to the basic medium. Concentrations of adenine sulfate 

ranging from 0 to 62.5 mg/1 and ascorbic acid from 0 to 1 g/1 were also 

tested. Ascorbic acid was filter sterilized and added to the medium 

after autoclaving.

The effects of auxins on callus growth were evaluated with 

naphthalene acetic acid (NAA), indole-3-acetic acid (IAA), 2,4-dichloro- 

phenoxyacetic acid (2,4-D), and p-chlorophenoxyacetic acid (pCPA) at 1.0 
and 2.0 mg/1 with 0.1 mg/1 kinetin. Cytokinins 6-benzyladenine (6-BA), 

6 [Y,y-dimethylally(amino] purine (2iP), 6-f urf ury1aminopurine (kinetin), 

and 6-[4-hydroxy-3Methy1 trans-2-buteny1(amino)] purine (zeatin) were 

evaluated at 0.1 mg/1 with the auxin NAA at 1 and 2 mg/1. Various 
ratios and concentrations were examined to determine the effects of NAA 

(0 to 4 mg/1) and kinetin (0 to 10 mg/1) on callus growth and 

development.
Stock solutions of all hormones were prepared by dissolving with

1 to 3 ml of 5 N KOH before diluting with distilled water to a



Table 3. Vitamins and respective concentrations tested for effect on growth of cotton stem callus.

Vitamins Concentrations Tested (mg/1) Supplier

1. Inositol 0, 0.5, 10, 50, 100, 
1000, 2000, 4000

500, Nutritional Biochemicals Corp.

2. Thiamine-HCl 0, 0.004, 0.02, 0.1, 0.5, 2.5 Calbiochemical Corp.

3. Pyridoxine6 HC1 0, 0.004, 0.02, 0.1, 0.5, 2.5 Eastman Kodak Chemicals

4. Nicotinic acid 0, 0.004, 0.02, 0.1, 0.5, 2.5 Sigma Chemicals

5. Thiamine«HG1 with
pyridoxine-HCl (0.5 mg/1.) 
and nicotine acid (0.5 mg/1)

0, 0.004, 0.02, 0.1, 0.5, 2.5

6. Biotin 0, 0.004, 0.02, 0.1, 0.5, 2.5 Nutritional Biochemicals Corp.

7. Folic acid 0, 0.004, 0.02, 0.1, 0.5, 2.5 Eastman Kodak Chemicals

8. Adenine sulfate 0, 0.004, 0.02, 
2.5, 12.5, 62.5

0.1, 0.5, Sigma Chemicals

9. Ascorbic aeida 0, 0.06, 0.3, 1, 
200, 1000

.6, 8.0, 40.0, Mallinckrodt Chemical Co.

^Ascorbic acid was filter sterilized and added to the medium after autoclaving.



34
concentration of 1 mg/1. Refrigerated (5°C) stock solutions were dis
carded after 30 days. All hormones were obtained from Galbiochemical 

Corporation.

Experimental Evaluation of Conditions Necessary 
To Initiate Differentiation

Callus differentiation studies involving anther callus have been 

approached using hormonal, nutritional, and environmental considerations. 
Various ratios of NAA (0, 0.01, 0.05, 0.1, and 0.5 mg/1) with kinetin 

(0.05, 0.5, 2.5, 5.0, and 10.0 mg/1) have been used to study hormonal 

ratios and concentrations on the differentiation process. Cytokinins 
kinetin, 6-BA, 2iP, and zeatin, at concentrations of 1.0, 25., 5.0, and 

10.0 mg/1, without an added auxin were also evaluated in respect to 

callus differentiation.

GluCose and sucrose concentrations of 1.5, 3.0, 45., 6.0, 9.0, 

and 12.0% were used to examine the relationship between carbohydrate 
nutrition, with the unavoidable osmotic effect, and callus differentia

tion. Osmotic effects as related to organogenesis were also approached 

by using agar concentrations of 0.75, 1.0, 1.5, and 2.0% in the basic- 

medium to alter the availability of water.

Also considered for a role in the stimulation or amplification 

of differentiation was the environmental influence of light. Fluores

cent light generated at different distances from the culture vessels by 
two 20-watt, Ultra-LuX reflector tubes was used as a base of comparison 

with intensities of 0, 150, 4Q0, 800, and 2,000 ± 10% lux. Incandescent 

light produced by two 25-watt, Sylvania bulbs and fluorescent light from



two 20-watt, Gro-Lux tubes were compared at the 2,000 ± 10% lux 
intensity.

The vascular nodules which developed on the callus surface of 
tissue cultured on a media containing 5 mg/1 zeatin with no added auxin 

were recultured on media containing various concentrations of NAA (0 to 

3 mg/1) and 6-BA (0.1 mg/1) to evaluate the potential for continued 

differentiation.
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Data Collection

Growth determinations and visual observations of tissue color, 
signs of differentiation, and general health were recorded at the end of 
each test period. Signs of differentiation include the formation of 

organs such as roots or shoots and the development of meristemoids or 

vascular (meristematic) nodules. Meristemoids are defined by Winton 

and Huhtinen (1976) as a localized group of cells in callus tissue char

acterized by accumulation of starch, RNA, and protein. Meristemoids are 

likely the precursors to vascular nodules which are defined as discrete 
round or egg-shaped areas on the callus surface or which may be indepen

dent or easily isolated. Vascular nodules are composed of compact cells 

and are characterized by the presence of vascular tissue of which 

tracheids are the most .commonly identified (Chen and Galston, 1967; 

Roberts, 1969; Dalessandro and Roberts, 1971; Haddon and Northcote, 

1976).

Interpretation of growth was achieved by comparing the initial 
fresh weight of the innoculum to the final fresh weight after the test 

period. Since small differences in initial weight could be multiplied
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during the growth process to give misleading or difficult to interpret 
data, most growth results have been given in the form of a growth index 
(GI). Stoutemyer and Britt (1965) and de Fossard (1974) define growth 

index as the growth increase divided by the initial fresh weight.

Values presented are means ± the standard error as used by Linsmaier and 
Skoog (1965). Callus or meristemoid growth was also evaluated by deter-

3mining the volume (cm ) after gently packing into a graduated, conical 
centrifuge tube and centrifuging at 40 to 60 xg for 5 minutes. 
Meristemoid separation was accomplished by washing unassociated cells 

and soft tissue through a standard #60 mesh sieve. .



RESULTS

Cotton Stem Callus- <—  Evaluation, of Growth 

Basic Cultural Conditions

The relationship between the initial size or weight of the 

innoculum after a 7-day culture period is presented in Table 4. Optimum 

weight, found to be SO ± 5 to 127 ± 8 mg corresponding to a diameter of 

approximately 7 to 11 mm, gave a growth index of 3.87 ± .18 and 
3.79 ± .29, respectively. A smaller innoculum of 16 ± 3 mg (4 mm 
diameter) gave not only a decreased growth index of 2.40 but also an 

increase of ± .40 in the standard error. Likewise, as the size or 

weight of the innoculum was increased to 238 ± 17 mg (15 mm), there was 

a corresponding decrease in the growth index, giving a value of 

2.67 ± .29. '

Optimum culture period for cotton stem callus was-evaluated by 

determining growth characteristics for samples removed at two-day inter

vals for three weeks (Table 5) .. Changes in the fresh weight between 

sample intervals divided by the fresh weight at the beginning of each 
interval indicated that the maximum fresh weight gain per unit tissue 

occurred from 4 to 6 days after culture initiation with a ratio high of 

1.10. Fresh weight increase per tissue unit decreased rapidly for 

growth periods of 8 days or greater and continued to decrease with addi

tional time. Senescence of the tissue began after 14 to 17 days.

37
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Table 4. The effect 
growth (G. 
period.

of innoculum 
I.) of cotton

size or weight 
stem callus in

on the rate of 
a 7-day growth

Mean Diameter 
of Innoculum Initial Final Growth Index

(nun) (mg) (mg) (G. I. )a

4 16 ± 3b 55 ± 10b 2.40 ± .40b
7 50 ± 5 243 ±11 3.87 + .18

11 127 ± 8 608 ± 21 3.79 ± .24
15 . 238 ± 17 873 ± 34 2.67 ± .29

h T _ Pinal fresh weight «• Initial fresh weight 
Initial fresh weight

Mean values ± standard error.



Table 5. The relationship of time to growth of cotton stem callus 
as indicated by final fresh weight, growth index, and 
weight increases.^

Time
(days)

Growth Index*1 
(mean ± S.E.)

Final Fresh 
Weight 
(mg)

AFresh
Weight
(mg)

AFresh Weight 
Previous Weight 

(mg)

2 0.39 ± 0.05 139 — • —

4 1.11 ± 0.11 217 78 78/139 = 0.56

6 3.60 ± 0.10 455 238 238/217 = 1.10

8 5.00 ± 0.14 642 187 187/455 = 0.41

10 8.15 ±0.29 860 21:8 218/642 = 0.34

12 11.27 ± 0.53 1165 305 305/860 = 0.35
14 12.80 ± 0.51 1297 . 132 132/1165 = 0.11

17 13.39 ± 0.84 1410 113 113/1297 = 0.09

19 14.91 ± 1.06 1448 38 38/1410 = 0.03

21 14.01 ± 1.37 1425 -23C

^Initial innoculum weight was 100 ± 10 mg.
All data are mean values ± standard error.
cSome of the tissue in this group was dehydrated.
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illustrated by a color change from light green to gray green and tissue 

dehydration due to medium dehydration occurred at 21 days.

Growth as indicated by changes in growth index was not affected 
by small changes in the pH of the medium (Table 6). A maximum growth 
index of 4.00 ± .13 occurred at a pH of 5.6, but only slight changes in 
growth took place between a pH of 5.3 and 5.9. Callus growth decreased 

at the tested extremes with pH 4.5 and 7.0 producing respective growth 

indices of 3.51 ± .15 and 3.46 ± .16.

Changes in the light intensity had marked effects on growth and 

pigmentation of cotton stem callus (Table 7). In total darkness, there 
was little growth, as illustrated by a growth index of 0.96 ± .17, but 

with the addition of 150 ± 15 lux of fluorescent lighting tissue prolif

eration was stimulated to a G.I. value of 3.00 + .24. As light was 
increased above 150 ±15 lux, there was a continual induction of growth 

to reach a G.I. high of 4.26 ± .31 with 2,000 ± 200 lux. Callus size, how
ever, did not follow this pattern with call! grown in 2,000 ± 200 lux, 

being smaller than tissues cultured with 1,000 ± 100 lux. As light 

intensity increased, the predominately creamy white surface color of 

callus grown in darkness changed to yellow at 150 ± 15 lux and to light 
green at 400 ± 40 and 800 ± 80 lux (Table 7). With intensities of 

1,000 ± 100 lux, the callus surface was predominately light green with 5 

to 8% red anthocynanin surface pigmentation developing. Red pigmenta

tion dramatically increased to approximately 30% with 2,000 ± 200 lux of 

light.



Table 6. Growth (G.I.) of cotton stem callus as 
affected by the pH of the nutrient agar 
during a 7-day culture period.

pH G.J.*

4.5
5.0

5.3

5.6

5.9
6.2
6.5

7.0

3.51 ±0.15 

3.70 ± 0.20 
3.94 ±0.25 

4.00 ±0.13 

3.99 ± 0.11 
3.88 ± 0.19 
3.60 ± 0.19 

3.46 ±0.16

^Mean values ± standard error.



Table 7. The effect of light intensity on the growth and 
pigmentation of cotton stem callus in a 7-day 
culture period.

Lighta
Intensity

(lux) Growth Index*3

% Pigmentation0

White Yellow
Light
Green Red

0 0.96 ± 0.17 80 20 - - —

150 ± 15 3.20 ± 0.24 20 80 - -

400 ± 40 3.65 ± 0.26 -- 40 60 —

800 ± 80 3.87 ± 0.21 -- 20 80

1000 ± 100 3.81 ± 0.23 — 90 10

2000 ± 200 4.26 ± 0.31 70 30

aFrom two 20-watt, Ultra-Lux reflector fluorescent tubes. 
^Mean values ± standard error.
cMean values as determined by visual observations of callus 
surface coloration to nearest multiple of 10%.
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Changes in the major (N, P, K, Ca, % /  S) and minor (B, toi, Zn, 

I, Mo, Co, Cu) inorganic salts to fractions and multiples of the control 

concentrations presented in Table 1 gave no indication of deficits or 
excesses in the basic medium (Table 8). Both increasing and decreasing 
the major inorganic salts resulted in a decreased callus growth compared 
to the control as indicated by decreases in the growth index. Altera

tions in the Concentration of minor inorganic salts, however, produced 
only slight changes in the growth index.

A couparison of individual salts within each category has been 
examined by Murashige and Skoog (1962). The wide acceptance of this 

research indicated that a detailed investigation would not prove 

fruitful.
Variations in the amount of available iron added to the medium 

indicated that a concentration of 5.5 to 11.0 mg/1 was optimum for 

callus growth. The addition of 8.3 mg/1 produced a maximum growth index 

of 3.94 ± .23 as compared to 3.68 ± .20 for the control containing 5.5 
mg/1 (Table 9). An available iron concentration equivalent to 2.8 mg/1 

produced a significant growth decrease.

Undefined Organic Supplements '
Yeast extract and enzymatically hydrolyzed cotton seed protein 

had a similar effect on callus growth (Table 10). With either of these 
additives there was continual decrease in growth index with increasing 

concentration in the medium. Cotton seed protein hydrolysate was the 

most detrimental to callus growth, decreasing the growth index by more 

than 50% with the addition of 10 mg/1 and to a low of 0.92 ± .34 with



Table 8. The effect of concentration changes in the 
major or minor salts on the growth index of 
cotton stem callus.

Major Salts G. I.b Minor Salts G.I.b

0.5xa 3.28 + 0.19 0. lxa 3,56 ± 0.21

control (x) 3.92 ± 0.12 0.5x 3.65 ± 0.17

2x 3.39 ± 0.18 control (x) 3.92 ± 0.12

3x 1.55 ± 0.23 2x 3.75 ± 0.18

3x 3,14 ± 0,27
clThe x value represents the.concentration of salts used
as a base value for all experiments as presented by 
Linsmaier and Skoog (1965) (Table 1). 

bMean values ± standard error.
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Table 9. The relationship between available iron and growth of cotton 
stem callus as indicated by changes in the'growth index 
after a 7-day culture period.

Available Iron 
(ml stock solution^ 

in each liter medium)
FeS04°7H20

(mg/1)
NaEDTA
(mg/1)

Fe
(mg/1) G.I.b

2.5 (0.5x) 13.9 18.6 2.8 1.32 ± 0.24

5.0 (control) 27.9 37.3 5.5 3.68 ± 0.20

7.5 (1.5x) 41.8 .55.9 8.3 3.94 ± 0.23

10.0 (2x) 55.7 74.5 11.0 3.71 ±0.17

aStock solution contained 5.57 g FeS04°7H20 and 7.45 g NaEDTA per 
liter of glass distilled water (Table 1). 

bMean values ± standard error.



Table 10. The growth of cotton stem callus as affected, by the 
addition of the organic supplements [yeast extract, 
cotton seed protein hydrolysate (enzymatic), and 
casein hydrolysate (enzymatic)] to the nutrient 
medium. —  A 7-day growth interval was employed.

Growth Index3
Concentration Yeast Cotton Seed Casein

(mg/1) Extract Protein Hydrolysate Hydrolysate

0 (control) 3.50 ± .20 3.36 ± .19 3.56 ± .21
0.1 3.48 ± .26 3.29 ± .16 3.48 ± .24

1.0 ' 3.35 ± .18 3.41 ± .22 3.65 ± .22

10 3.23 ± .20 2.67 ± .17 3.61 ± .25

100 2.73 ± .23 1.57 ± .32 3.55 ± .18

500 1.84 ± .38 0.92 ± .34 2.98 ± ,29
clMean values ± standard error.
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the addition of 500 mg/1. In comparison, the addition of casein 

hydrolysate to the medium at concentrations of 0.1 to 100 mg/1 had no 

obvious effect on callus growth (Table 10). At 500 mg/1, however, a 

distinct decrease in growth index to 2.98 ± .29 compared to the control 
growth index of 3.56 ± .21 was observed.

Carbon Source
Cotton stem callus displayed varying abilities to metabolize the 

seven carbohydrates tested (Table 11). The sugar alcohols mannitol and 
sorbitol stimulated the least amount of callus growth with a common 

growth index of 0.24 ± .06. Glactose and maltose were also poor carbon 
sources and induced a growth index of only 0.36 ± .05 and 0.56 ± .05, 

respectively. The disaccharide sucrose was tested at concentrations of 
1.5, 3.0, and 4.5% and found to support good callus growth; however, 

some browning occurred at all concentrations and increased as the concen 

tration increased. A maximum growth index of 3.72 ± .17 occurred with a 

3% concentration of sucrose.

Monosaccharides glucose and fructose, when compared to sucrose 

at these concentrations, not only produced greater growth indices but 

also encouraged a healthier appearance. Maximum callus production 

occurred with a 4.5% glucose or fructose concentration with growth 
indices of 4.03 ± .21 and 4.25 ± .24, respectively. Glucose stimulated 

the healthiest appearance with the development of a light, transparent 

green color at all concentrations tested; however, light tissue browning 

did occur at the 9% carbohydrate level. Even though the use of fructose 

gave the highest growth index of any carbohydrate tested, the callus



Table 11. The effect of carbohydrate type and concen
tration on growth of cotton stem callus, as 
indicated by changes in the growth index 
after a 7-day culture interval.

Carbohydrate
Concentration 

in Media 
•(%) G.I.a

Glactose 3.0 0.36 + .05
Maltose 3.0 0.56 ± .05

Mannitol 3.0 0.24 ± .06

Sorbitol 3.0 0.24 ± .06

Sucrose 1.5 2.13 ± .09
3.0 3.72 ± .17
4.5 . 3.20 ± .18

Glucose 1.5 2.91 ± .08
3.0 3.86 + .15
4.5 . 4.03 ± .21
6.0 3.79 ± .10
9.0 1.21 ± .21

Fructose 1.5 2.84 ± .11
3.0 3.91 ± .13
4.5 4.25 ± .24
6.0 3.05 + .12
9.0 0.61 ± .21

aMean values ± standard error.
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appearance had a distinct yellow-orange tint and was judged less desir

able. It should also be noted that a tremendous drop of 2.44 units in 

the growth index and the distinct development of browning occurred at 
the 9% fructose level.

Vitamins

To determine the effect of commonly used vitamins on the growth 

of cotton stem callus, the various concentrations listed in Table 2 were 
incorporated into the growth medium and growth indices after one week 

culture were calculated. The growth effect of inositol at concentra

tions ranging from 0 to 4 g/1 was determined as presented in Table 12. 
Although inositol Was found to be nonessential for growth, as indicated 

by a growth index of 3.14 ± .11 on medium void of the vitamin, the 
inclusion at concentrations of 0.5 to 4,000 mg/1 encouraged growth. 

Growth index increased as inositol was increased in the medium to a 

maximum value of 4.32 ± .28 occurring with 2 g/1.

Growth of cotton stem callus after 7 days as influenced by the ~ 

vitamins thiamin°HC1, pyridoxine = HC1, or nicotinic acid added indepen

dently to the growth medium is presented in Table 13. Thiamine was 

determined to be essential for callus growth as indicated by a growth 
index of 0.36 ± ,20 when omitted from the medium. Optimum thiamine con

centration was found to be approximately 0.5 mg/1 with a growth index of 

3.76 ± .12, but concentrations from 0.1 to 2.5 mg/1 were equally effec

tive in maintaining healthy growth. Pyridoxine and nicotinic acid had 

little, if any, effect on callus growth when added independently to the 

growth medium, with the single exception of nicotine acid at a



Table 12. The relationship between inositol concentration 
and growth of cotton stem callus as indicated by 
changes in the growth index.

Inositol 
Concentrati on 

(mg/1) G.I.a

0 3.14 ± .11

0.5 3.31 ± .12
10 3.35 ± .18

50 3.63 ± .19

100 3.58 ± .20

250 3.67 ± .21

500 3.89 ± .20

1,000 4.10 ± .31

2,000 4.32 ± .28

4,000 4.25 ± .33

Growth index in mean values ± standard error.



Table 13. The growth of cotton stem callus as influenced by the 
vitamins thiamine°HC1, pyridoxine«HC1, or nicotinic 
acid added independently to the growth medium.

Vitamin
Concentration

(mg/1)
Growth Indicesa

Thiamine °HCI Pyridpxine •HC'l Nicotinic Acid

0 0.36 ± .20 3.88 ± .18 3.82 ± .19

0.004 2.88 ± .18 3.74 ± .20 3.75 ± .21

0.02 3.24 ± .16 3.66 ± .18 3.91 ± .20

0.1 3.51 ± .21 3.90 ± .21 3.89 ± .20

0.5 3.76 ± .12 4.06 ± .29 3.80 ± .18

2.5 3.72 ± .20 3.70 ± .27 3.43 ± .32

aGrowth .indices (mean values ± standard error).
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concentration of 2.5 mg/1 which gave approximately a 0.40 drop in the 
growth index value compared to the control. Pyridoxine (0.5 mg/1) and 
nicotinic acid (0.5 mg/1) added to the medium with various concentra
tions of thiamine were also compared to cultures containing identical 

concentrations of thiamine alone for evaluation of synergistic effects 

(Figure 1). These data suggest that all growth effects can be attributed 
to the thiamine concentration.

The effects of biotin or folic acid at concentrations ranging 

from 0 to 2.5 mg/1 on growth of cotton stem callus are given in 

Table 14. These vitamins were found to have no effect on growth at any 
of the concentrations tested as indicated by only minor variations in 
the growth indices.

The addition of adenine sulfate to the medium indicated a 

possible slight stimulation of callus growth with lower concentrations 

of 0.004 and 0.02 mg/1, but this effect became less distinct with the 

higher concentrations of 0.1 to 62.5 mg/1 (Table 15). There was a 

similar trend with the vitamin p-aminobenzoic acid with concentrations 

of 0.004 to 2.5 mg/1, indicating a possible small increase in growth.

At higher concentrations of 12.5 and 62.5 mg/1, a decrease in growth was 

produced with growth indices of 3.17 ± .37 and 2.50 ± .40, respectively, 

compared to the control with a growth index of 3.68 ± .17 (Table 15).

Ascorbic acid as a vitamin supplement had little effect on 

callus growth with the possible exceptions of a slight stimulation at 

40 mg/1 and a distinct inhibition at 1,000 mg/1 with growth indices of



Gr
ow
th
 I

nd
ex

53

4.0 - ’

•0 Thiamine *HC1

O- - -O- — O  Thiamine eHCl with
pyridoxine-HCl (0.5 mg/1) 
and nicotinic acid 
(0.5 mg/1)

ThiamineeHCl Concentration (mg/1)

Figure 1. The effects of thiamineeHCl and thiamine*HC1 with
pyridoxineeHCl (0.5 mg/1) and nicotinic acid (0.5 mg/1) on 
cotton stem callus growth.



Table 14. The effects of biotin or folic acid concen
trations on the growth index of cotton stem 
callus.

Vitamin
Concentration

(mg/1)
Biotin
(G.I.)a

Folic Acid 
(G.I.)a

0 3.89 ± 0.14 3.63 ± 0.20

0.004 3.74 ± 0.24 3.53 1+ o 4̂

0.02 3.89 ± 0.17 3.87 CMO+1

0.1 3.76 ±0.16 3.81 ± 0.24

0.5 3.74 ± 0.23 3.49 ± 0.19

2.5 3.87 ± 0.13 3.68 ±0.12

Growth index is reported in mean values ± standard 
error.

8 .



Table 15. The relationship of adenine sulfate or
p-aminobenzoic acid on the growth of cotton 
stem, callus as indicated by change in growth 
index.

Con centration 
(mg/1)

Adenine Sulfate 
(G.I.)a

p-Aminobenzoic Acid 
(G.I.)a

0 3.57 ± 0.18 3.68 ± 0.17

0.004 3.90 ± 0.20 4.00 ± 0.24

0.02 4.15 ± 0.34 3.72 ± 0.20
0.1 3.83 ± 0.24 3.52 ± 0.25

0.5 3.55 ± 0.21 3.90 ± 0.25

2.5 3.89 ± 0.31 . 3.74 ± 0.27

12.5 3.86 ±0.26 3.17 ± 0,37

62.5 3.75 ± 0.30 • 2.50 ± 0.40

aGrowth indices are mean values ± standard error.



3.98 ± .21 and 3.01 ± .27, respectively, compared to a control of 
3.79 ± .12 (Table 16). '

Hormones

The two major groups of plant hormones (i.e., auxins and cyto- . 

kinins) were evaluated to determine which gave maximum growth and at 
what concentrations and ratios. Auxins naphthaleneacetic acid (NAA), 

indole-3-acetic acid (IAA), 2,4-dichlorophenoxyacetic acid (2,4-D), and 
p-chiorophenoxyacetic acid (pCPA) were compared at concentrations of 1.0 
and 2.0 mg/1, with 0.1 mg/1 kinetin, for effects on callus growth as 

indicated by changes in growth index (Table 17). Both 2,4-D and pCPA 
were found to be detrimental to callus growth at concentrations of 

either 1 or 2 mg/1 as indicated by growth indices of 0.6 or less in 

these cases. Experiments with lower levels of these auxins (i.e., 0.1.. 

and 0.5 mg/1) also failed to induce callus growth. Callus appearance ' 

with 2,4-D or pCPA indicated tissue necrosis or death. . In contrast, 

both NAA and IAA supported good tissue growth and a healthy light green 

callus appearance regardless of whether 1 or 2 mg/1 was used. Growth 

indices of 3.6 ± .31 and 3.5 ± .24 for NAA, and 3.5 ± .24 and 3.7 ± .29 

for IAA at the respective concentrations of 1.0 and 2.0 mg/1 were 

recorded.
The auxin NAA was used at concentrations of 1.0 and 2.0 mg/1 

with the cytokinins 6-BA, 2iP, kinetin, and zeatin, each used indepen

dently at a concentration of 0.1 mg/1, to determine cytokinin-related 

growth effects. Data presented in Table 18 indicate that only minor, if 
any, growth differences resulted from the combination of various
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Table 16. The effect of ascorbic acid concentration on 
growth of cotton stem callus as indicated by 
changes in growth index.

Ascorbic Acid
(mg/1) G. I.a

0.00 3.79 ± :. 12
0.06 3.69 ± .14
0.3 3.74 ± .24
1.6 3.89 ± .24
8,0 3.83 ± .18

40.0 3.98 ± .21
200 3.81 ± .20

1000 3.01 ± .27
Growth index reported in means values ± standard error.

Table 17. The effect of auxins on the growth of cotton 
{Gossyyivm h-irsutum L.) stem callus as indi
cated by changes in growth index.

Concentration of Auxin
1 mg/1 2 mg/1

Auxin (G.I. )a (G.I.)a

NAA 

IAA 

2,4-D 

pCPA
cl ' ■Growth index reported in mean values ± standard error.

3.6 ± .31 

3,5 ± .24 

0.3 + .20 

0.5 ± .28

3.5 + .24 

3,7 ± .29 

0.3 ± .31 
0.6 ± .29



Table 18. The effect of the cytokinins 6-BA, kinetin,
zeatin, and ZIP, at a concentration of 0.1 mg/1 
with the auxin NAA at 1.0 mg/1 and 2.0 mg/1, on 
the growth index of cotton stem callus. •*- A 
7-day culture period was employed.

. NAA...
1 mg/1 2 mg/1

Cytokinin (G.I.)a (G.I.)a

None 3.5 ± .27 3.2 + .21
6-BA 3.5 ± .22 3.5 ± .18

Kinetin 3.6 ± .31 3.5 ± .24

Zeatin 3.7 ± .17 3.9 ± .26

2iP 3.6 ± .37 3.7 ± .23

^Growth index values reported as means ± standard error.
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cytokinins with NAA. Both 6-BA and kinetin were similar in effect with 
growth index highs of approximately 3.5 regardless of NAA concentration. 
Zeatin stimulated a slight increase in tissue mass as indicated by 

growth indices of 3.7 ± .17 (1 mg/1 NAA) and 3.9 ± .26 (2 mg/1 NAA). 

Zeatin was also found to produce callus with the. healthiest appearance, 

with a consistent arid uniform green coloration. The concentrational 

difference between 1.0 and 2.0 mg/1 of NAA had little, if any, effect on 

Callus growth with any of the cytokinins tested.
The effect of various concentrations and ratios of NAA and 

kinetin on the growth of cotton callus was. evaluated and presented in 

Table 19. Maximum growth was achieved on media containing 0.1 mg/1 
kinetin and from 0.5 to 2.0 mg/1 NAA. The addition of NAA to the medium 

as concentrations of 0.1 to 2.0 mg/1 stimulated growth at all kinetin 

concentrations. Decreases in growth occurred when the concentrations of 
NAA and kinetin were increased from 2.0 to 4.0 mg/1 and 0.1 to .05 or 

greater, respectively, regardless of other hormonal concentrations 

involved. Experiments utilizing other cytokinins (i.e., 6-BA, 2iP, and 

zeatin) produced identical results.

Anther Callus —  Growth and Differentiation

Hormonal Stimulation of Growth 
and Nodulation

Callus initiation from anthers of Gossypium h-tvsutum variety 

Stonevitte, maintained as previously presented, developed small 

meristematic cell clusters of meristemoids, as described by Winston and 

Huhtinen (1976), throughout the callus mass during the first six months
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Table 19. The effect of varying concentrations and ratios of NAA and 
kinetin on the growth (measured as growth index values) of 
cotton stem callus.a

Kinetin
(mg/1)

NAA (mg/1),
0.0 0,1 : 0.5 1.0 2.0 4.0

0.0 2.S6±.46 3.201.28 3.481.25 3.531.27 3.241.21 2.911.33

0.1 2.71+.20 3.381.27 3.571.14 3.601.31 3.501.24 3.171.39

0.5 2.86±.23 2.941.12 2.651.18 2.971.20 3.081.31 2.511.27

1.0 2.521.19 2.441.25 2.911.29 3.181.17 2.591.27 2.471.32

2.5 2.001.24 2.401.15 2.301.17 2.101.24 _b _b

5.0 0.80+.21 1.101.24 1.021.20 1.241.19 _b __b

10.0 0.301.17 0.401.19 0.491.16 0.391.19 __b __b
ctGrowth index reported in mean values ± standard error, 
bThese ratios were not tested.
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of culture. Since continued developments of the meristemoids did not 
occur upon subculturing on the maintenance medium, the auxin NAA and the 

cytokinin kinetin were employed at various concentrations and ratios to 

stimulate differentiation. Growth responses of the anther callus to 
ratios favoring cytokinin were found to follow the same trends as pre
sented earlier with the stem callus (Tables 19 and 2:0) . As the kinetin 

in the medium was increased to 2.5, 5.0, and 10.0 mg/1, there was a sig

nificant decrease in callus growth with all auxin concentrations. 

Meristemoid formation as presented in Table 21 indicates that the per

centage increased not only with ratios that favored increased callus

growth (0 mg NAA with 0.5 mg/1 kinetin and 0.01 mg/1 NAA with 0.05 and 
0.5 mg/1 kinetin) but also with ratios that produced very limited growth

(0 and 0.05 mg NAA with 10 mg/1 kinetin and 0, 0.05, and 0.01 mg NAA

with 5.0 mg/1 kinetin). Low amounts of NAA were stimulatory to 

meristemoid formation and, even though organ differentiation did not 
occur, it was observed that NAA (0 to 0.05 mg/1), coupled with kinetin 

(2.5 to 10 mg/1), favored greening, tracheogenesis, and increased 

meristemoid size (Figure 2).

Cytokinins 6-BA, kinetin, 21P, and zeatin at 1.0, 2.5, 5.0, and 

10.0 mg/1 were added to medium without auxins to determine callus growth 

and morphogenic response. A corresponding increase in the compactness 

of the callus regardless of cytokinin used was observed with concentra

tion changes from 1 mg/1 to 10 mg/1. Overall tissue proliferation could 

be related to the type of cytokinin with zeatin > 2iP > 6-BA >_kinetin. 
Increasing the concentration of 2iP and zeatin from 1.0 to 2.5 mg/1 was
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Table 20. Growth of cotton anther callus8, as affected by various 

concentrations and ratios of NAA and kinetin. —  Only 
ratios favoring a higher cytokinin value were used.

■ ■ - ■ _ ■■ ■ . ■ ' ■ ..... , • --- ...

Kinetin 
(mg/1)

NAA. (mg/1)
0 0.01 0.05 0.1 0.5

0.05 0.17 1.10 —
0.5 1.30 1.20 O. 80 0.80
2.5 0.40 1.00 0.50 0.30 0.40

5.0 0.20 0.90 0.10 0.25 0.45

10.0 0.20 0.80 0.20 0.30 0.40
3. %  -Growth expressed as mean cur volume of callus per culture bottle 
after gently packed into a graduated, conical centrifuge tube .and 
centrifuged for 5 minutes at 40 to 60 xg.

Table 21. Development of meristemoids within cotton anther callus 
grown on nutrient medium containing various ratios and 
concentrations of NAA and kinetin.8

Kinetin
Concentration

(mg/1)
NAA (mg/1)

0 0.01 0.05 0.1 0.5

0.005 18 72. __b __b

0.5 77 63 23 . 38 __b

2.5 43 83 50 48 34

5.0 44 ....  62 72 40

10.0 50 48 50 18 42

^Results expressed as the mean of the meristemoid volume (cm3) to the 
total tissue volume (cm3) x 100.
)Only ratios favoring a higher cytokinin values were used.
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Figure 2. Meristemoid of Gossypium hirsutum L. anther callus with
cellular differentiation. -- (A) Xylem cell. (B) Parenchyma
cell. Cultured on maintenance medium containing 0.05 mg/1 
NAA and 5.0 mg/1 kinetin. Scale: 1 unit = 0.01 mm.
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paralleled by a corresponding enhancement of growth; with kinetin and 

6-BA, however, final fresh weights continually decreased with increasing 
amounts of cytokinin and necrotic areas developed with 5.0 and 10.0 mg/1. 
Callus grown at 5.0 and 10.0 mg/1 of 2IP and zeatin had a decreased 
growth rate but, in contrast, had a healthy appearance and a dark green 
color. The development of distinct egg-shaped vascular nodules of com

pact cells oil the surface of the callus followed a trend similar.to the 
pattern of cytokinin and growth (Table 22). Zeatin was found to.be the 

most active in the ability to stimulate this nodulation response, fol
lowed by 21P > 6-BA, and kinetin, giving the following development.•per

centages at a concentration of 5 mg/1: 67%, 42%, 17%, and 8%, respec
tively. As the concentration of cytokinin increased, the size of the 

nodules decreased and became more discrete, corresponding to a smaller 

cell size and related tissue compactness (Figures 3-6).

Carbohydrate Effects

As the percentage of carbohydrate in the nutrient medium was 

changed from 1.5 to 12%, there was a corresponding decrease in cell size 
and tissue compactness, especially noticeable at the higher concentra

tions . Tissue color also displayed similar trends with amount of added 

carbohydrate. The light yellow color of the callus grown with 1.5 and 

3% carbohydrate was increasingly replaced with white and green patches 

at higher sugar levels. Green became the predominate color at concen

trations of 6% or greater and also became darker, changing from a light 

green at 4.5% to a very dark green at 9 and 12%. Sucrose was found to 

be inferior to glucose in promoting growth or vascular nodule formation
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Table 22. The effect of type and concentration of cytokinin on 
vascular nodule development in cotton anther callus 
cultured for 45 days.

Cytokinin 
Con cent rati on

(mg/1)

Percentage of Culture Developing 
____________District Nodules
Kinetin 6-BA 2iP Zeatin

1.0
2.5

5.0

10.0

0

0

8
0

0

8
17

8

0
25

42

42

0

42

67

50
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Figure 3. Light, friable anther callus of Gossypium hirsutum L. without 
nodules, grown on a maintenance medium containing 2 mg/1 NAA 
and 0.1 mg/1 6-BA. -- Development after culture for 45 days. 
Scale: 1 unit = 1 mm.



67

'miiiiiiiiimmiinmiTTTnrmmn

Figure 4. Surface nodule formation (A) in anther callus of Gossypium
hirsubvm L. grown on medium containing 2.5 mg/1 zeatin and no 
added auxin. —  A 45-day test period was employed. Scale:
1 unit = 1 mm.
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Figure 5. The development of well-defined vascular nodules (A) in
anther callus of Gossypium hivsutvm L. grown on a maintenance 
medium containing 5.0 mg/1 zeatin and no added auxin. -- A 
45-day test period was employed. Scale: 1 unit = 1 mm.
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Figure 6. Compact, well-defined vascular nodules (A) of Gossyp'ium 
hivsutym L. anther callus as developed in response to a 
maintenance medium containing 10 mg/1 zeatin and no added 
auxin. —  A test period of 45 days was employed. Scale:
1 unit = 1 mm.
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regardless of added amount (Table 23). At higher concentrations of 6% 
and above, the callus grown on media containing sucrose developed 

necrotic areas and an overall poor appearance-. In comparison, greater 

amounts of glucose (aboe 9%) were required to decrease callus growth but 
the tissue was healthy in appearance. Nodule formation was most appar
ent in the medium containing glucose with 67% of the callus cultures 
developing nodules with concentrations of either 9 or 12% (Table 23, 

Figure 7). Nodule size diminished with increasing levels of carbohy
drate corresponding to a reduced cell size and tissue compactness.

Effects of Agar Concentration

Increasing the amount of agar in the medium produced distinct 

changes in the callus growth and morphology. Tissue accumulation was 

greatest with 0.75 and 1% incorporated agar and decreased rapidly with 
higher agar concentrations (Table 24). Corresponding to an.increase in 

the percentage of agar was a reduction in cell size and the induction of 

tissue compactness. Color changes from a light yellow appearance at 
0.75 and 1.0% agar to patches of green and white at higher agar levels 

were observed but inconsistent. With agar concentrations of 1.5 and 

2,0%, the number and Size of necrotic areas increased considerably. 

Vascular nodule development occurred with 1.5 and 2.0% agar and 

increased from 17 to 25%, respectively (Table 24). Nodules formed on a 

2% agar medium were smaller in size and of a more discrete nature com

pared to those formed with 1.5%.
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Table 23. The effect of carbohydrate type and concentration on nodule 
development in cotton anther callus after a 45-day culture 
period.

Carbohydrate
Concentration(%)

_______  Sucrose_______
% Developing^

Nodules G.I.

______  Glucose_______
% Developing3-

Nodules G.,1.

1.5 0 3.5 ± .28 0 3.9 ± .18
3.0 0 3.7 ± .14 0 4.2 ± .32

4.5 0 3.8 ± .19 8 4.3 ± .24

6.0 17 3.5 ± .29 50 ' 4.2 ± .41

9.0 25 2.8 ± .24 67 4. 7 ±. ; 36

12.0 25 1.7 ± .1 67 2.7 ± .39

^Nodule development based on the visual observation of the percentage of 
cultures developing distinct surface nodules out of the total number of 
12 cultures per treatment, 

bGrowth index in mean values ± standard error.
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Figure 7. The development of surface nodulation in anther callus of 
Gossypium hirsutum L. grown for 45 days on a maintenance 
medium containing 9% glucose. -- Scale: 1 unit = 1 mm.
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Table 24. The effect of agar concentration on the growth and nodule
development of cotton anther callus after 45 days in culture.

Agar
Concentration 

(%) . Growth Indexa
% Developing^ 
Distinct Nodules

Visual
Characteristics

0.75 3.0 . 38 0 Loose, friable, 
light tissue color

1.00 3.2 . 12 0 Loose, friable, 
light tissue color

1.50 1.0 .29 17 . Distinct compact 
and friable areas

2.00 0.7 .41 25 Necrotic and 
compact areas

^Percentage of cultures out of 12 per treatment developing distinct 
surface nodules.
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Influence of Light

Light source and intensity were found to influence callus pig

mentation with a progressive, change of predominant surface coloration 
from yellow (0, 150, and 400 lux) to light green (800 lux) and to a mix
ture of light and dark green with a burgundy red (2,000 lux) (Table 25). 
An identical relationship was previously demonstrated with stem callus 
as described in Table 7. The formation of red pigmentation at 2,000 lux 

was also associated with the development of necrotic areas in 50% of the 

calli, whereas dark green areas were related to the production of 
nodules in 20% of the tissues. The presence of anthocyanin pigmentation 

and associated necrotic areas was also found to increase to 40 and 60%, 
respectively, with Gro-Lux fluorescent lighting (2,000 lux) and to 50 

and 70% with incandescent lights (2,000 lux) (Table 25). An increase in 

the dark green surface coloration was also observed with Gro-Lux or 

incandescent lighting but there was no change in the stimulation of 

nodulation.

Continued Differentiation -- Hormonal Effects
Continued development of nodules occurred using both liquid and 

solid media. Nodules produced on medium containing 5.0 mg/1 zeatin 

developed apparently normal roots when subcultured on maintenance medium 

containing 1.0 to 2.0 mg/1 NAA and 0.1 mg/1 6-BA for 45 days (Figure 8). 

NAA concentrations greater than 2.0 mg/1 stimulated new callus prolifer

ation, whereas concentration less than 1.0 mg/1 failed to encourage good 
callus growth or root initiation (Table 26). Efforts to induce shoots



Table 25. The association of light source and intensity on the pigmentation and 
meristematic nodule formation of cotton anther callus. -- The hormones NAA 
(2 mg/1) and 6-BA (0.1 mg/1) were added to the nutrient medium.

Pigmentation5 (%)___________  Developing^ (%)

Light Source
Intensity

(lux) White Yellow
Li ght 
Green

Dark
Green Red Nodules

Necrotic
Areas

Ultra-Lux, 0 100 0 0
20-watt 150+15 10 70 20 —  — —  — 0 0
fluorescent 400+40 20 50 30 —  — —  — 0 0
tubes 800+80 20 20 50 10 —  — 0 0

2000±200 10 — 30 30 30 20 50

Sylvania, 
25-watt 
incandescent 
bulbs

2000+200 10 40 50 20 70

Glo-Lux, 2000+200 10 — 10 40 40 20 60
20-watt
fluorescent
tubes

^Obtained by visual observations on the percentage of cultures demonstrating a predominate 
color within each treatment.

^Obtained by visual observations on the percentage of cultures developing distinct surface 
nodule or necrotic area.
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Figure 8. Scanning electron micrograph of root differentiation from
meristematic nodule of Gossypium hirsutum L. after culturing 
for 45 days on medium containing 2 mg/1 NAA and 0.1 mg/1 
6-BA. -- Micrograph made with ETEC Autoscan. Tissue prepared 
using critical point drying as presented by Humphreys, 
Spurlock, and Johnson (1974) before applying thin surface 
films of carbon and gold (Echiin and Hyde, 1972) .
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Table 26, Root differentiation in nodules produced on medium containing 
5.0 mg/1 zeatin as influenced by sub culturing on medium with 
0.1 mg/1 6-BA and various NAA concentrations for 45 days.

NAA Concentration (mg/1)
0 0.5 1.0 1.5 2.0 2.5 5.0

% of call! 
developing 
roots

0 0 4 9 5 0 0

Visual Slowly Poor Root development, No root
observations declined call! or some call! growth develop

in nodule and nodule ment, new
health growth enlargement call!

growth
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from callus, nodules, or nodules with roots have been unsuccessful at 
this time.



DISCUSSION

Results from analysis of basic cultural conditions reveal that an 
innoculum weight of 50 to 127 mg, corresponding to a diameter of 7 to 
11 mm, is optimum for inducing maximum growth of cotton {GossypLim 
hivsutvm) stem callus (Table 4). These data correlate with the use of 

40 mg pieces by Rani and Bhojwani (1976) but would indicate that the 

200 mg innoculum weight used by Price et al. (1977) was excessive and 

probably limited growth since these studies involved the same species.

Optimum culture interval as presented in Table 5 was found to be 
6 days, although healthy callus growth continued through a 14-day 

period. This suggests that other authors working with G. hivsubvm cul

tures had perhaps used subculture intervals greater than the optimum.

For example. Sandstedt (1975) reported a two-week growth period and 

Price et al. (1977) utilized 3 to 5 weeks. This is further substan

tiated by a personal communication with Sandstedt (1976) who indicated 

that a shorter growth period of 7 to 10 days would encourage excellent 

growth of stem callus and could also be used to induce healthy fast 
growing cultures from senescing tissue. Undoubtedly, the optimum cul

ture period is a function of growth rate and should be examined for each 

callus culture.

Within the range of 5.0 to 6.2, pH was found to be unrelated to 

callus growth which encompasses the pH values employed by all published 

work with cotton tissue cultures (Table 6). This is also in agreement
79
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with the opinion of Parrish and Davies (1977) that changes in media pH

¥
have little effect on tissue proliferation. In this study, the possi

bility that pH affects the availability of metal ions (Klein and Manos, 

1960), enzyme efficiency (Uchimiya and Murashige, 1974), or cell divi
sion (Gamborg et al., 1975) was indicated by a decrease in callus growth 
at the tested extremes (i.e., pH 4.5 + 7.0).

A stimulation in stem callus growth, as indicated by growth 

index, paralleled increases in light intensity with maximum weight 
accumulation occurring at 2,000 lux (Table 7). Callus size, in compari

son, was greatest at 1,000 lux. Low light (400 lux), was found to 

stimulate greening or chlorophyll synthesis as also postulated by Chong 
and Taper (1974a). In addition, the maximum intensities used (2,000 

lux) induced the development of red pigmentation on approximately 30% of 
the call! surface which suggested that higher intensities could not be 

tolerated.
The Use of low light intensities (approximately 1,000 lux) has 

been reported by other authors for tissue cultures of cotton originating 

from stems or cotyledons (Davis et al., 1974; Sandstedt, 1975), but 

Smith et al. (1977) indicate that a higher illumination of 8,000 to 
9,000 lux appears optimum for cultures derived from hypocotyl. It is 

interesting to note that greening was observed by Smith et al. (1977), 

but not the development of anthocyanins in these relatively high light 

intensities.

Gross alterations in the inorganic salts by changing the overall 

concentration of major or minor salts gave no indications of deficits or
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excesses in the basic medium (Table 8). Moreover, all modifications 

induced a decrease in growth index possibly due to inadequate concentra

tions with experiments utilizing a reduced level of salts or osmotic 

effects when involving an increased amount of salts. The noncritical 
growth relationship with the minor or micro nutrients has been pre

viously indicated by the work of Pech et al. (1975). De Fossard et al. 
(1974) have also noted a decrease in callus growth with alterations of 

the inorganic salts but, in contrast, recorded the development of a com
pact tissue morphology not observed in this study.

Specific experiments on the interaction between available iron 

and tissue growth (Table 9) indicate that a concentration of 5.5 to 11.0 
mg/1 is optimum compared to 5.5 mg/1 commonly used in the popular 

Linsmaier-Skoog medium (Linsmaier and Skoog, 1965). Other studies with 

cotton tissue cultures typically use an iron concentration of 5.5 mg/1 

although no experimental evaluation has been published.

The addition of the undefined organic supplements, yeast 

extract, cotton seed protein hydrolysate, and casein hydrolysate, to the 

nutrient medium was found to either have no effect or inhibit the growth 
of cotton stem callus (Table 10). With both yeast extract and cotton 

seed protein hydrolysate, there was a continual decrease in growth with 
increasing concentrations in the medium. In comparison, casein 

hydrolysate had no distinct effect on tissue proliferation with the 

single exception of 500 mg/1 in which case an inhibition was observed. 

This result is in contrast to the suggestion of Reddy and Narayana 

(1974) that yeast extract and casein hydrolysate be used to enhance the
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proliferation rates of many poorly growing tissues and also with the 

work of Crocomo et al. (1976) who demonstrated the enhancement of growth 
in ThaseoZus cultures when bean seed extract was added to the medium. 

The growth reduction demonstrated by these undefined organic additions 

is likely due to an inhibitory effect of specific amino acids on cell 
growth, as suggested by Tyihak et al. (1974) and Behrend and Mateles 
(1975).

Examination of carbohydrate source and callus growth revealed 

that mannitol, sorbitol, glactose, and maltose cannot support active 
tissue growth (Table 11). These carbohydrates, however, are perhaps 

useful in Single cell or protoplast culture. Glactose, for example, has 

been shown to encourage aggregation but not growth of cell cultures of 
Paul's Scarlet Rose (Wallner and Nevins, 1973), whereas sorbitol may be 

effective as an osmotic stabilizer in protoplast cultures (Michayluk and 

Kao, 1975). Mannitol has been commonly used to maintain osmotic balance 

while protoplasts regenerate their cell wall as in the preliminary work 

with cotton (5. hZrsutim) by Bhojwani et al. (1977).

The carbohydrates sucrose, glucose, and fructose supported good 

callus growth with an optimum concentration of 4.5% regardless of sugar 

utilized (Table 9). Das and Sarma (1974) have reported similar findings
X

with data on leaf tissue of FhaseoZuss indicating sucrose, glucose, and 

fructose promoted optimum growth at a 5% concentration. In contrast. 

Smith et al. (1977), working with GossypZvm aTbovevm, indicate that with 

glucose a 3% concentration is optimum. However, the data presented by 

these authors rely on five samples at the 4% concentration and appear
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inconsistent in that growth increases considerably at the 5% carbohy
drate level.

In this study, fructose stimulated the maximum growth of any 

carbohydrate tested using low light intensities (1,000 lux) which is 

substantiated by the work of Smith et al. (1977). These authors con

tinue to state that, at higher light intensities (9,000 lux), glucose 

replaced fructose in inducing the greatest growth. Since the stem 
callus from this laboratory could not tolerate high light, this correla

tion could not be examined.
Browning of the tissue was observed when sucrose was the carbon 

source as previously noted in callus cultures of Gossypium arboreum 
(Smith et al., 1977) and ovule cultures of G. hCrsutum (Beasley and 

Ting, 1973) . Development of browning did not occur with glucose which 

is possibly related to its superior qualities as a reductant. Glucose 

was found to induce the healthiest callus appearance with a light green, 

coloration compared to brownish-green with fructose.

The interaction between vitamins and growth of cotton stem 

callus, as presented in Tables 12 through 16 and Figure, 1, indicates that 

thiamine is necessary for growth at a concentration of 0.5 to 2.5 mg/1. 

Inositol, while not essential, was found to greatly stimulate tissue 

proliferation with growth index increasing as inositol concentration 
increased from 0 to 2 g/1.

Other vitamins such as pyridoxine, nicotinic acid, biotin, folic 

acid,, and p-amihobenzoic acid demonstrated no effect on growth when 0 to 

2.5 mg/1 were incorporated into the nutrient media. With a concentration
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of 62.5 mg/1, however, p-aminobenzoic acid inhibited growth. Adenine 

sulfate and ascorbic acid induced a possible slight stimulatory response 

with concentrations of 0.02 mg/1 and 40 mg/1, respectively, but high 
concentrations of ascorbic acid (1,000 mg/1) inhibited callus growth.

Evaluation of the data correlating vitamin supplements and 

cotton callus growth indicates that only thiamine and inositol are 

important additives. This is in general agreement with the guidelines 

provided by the work of Linsmaier and Skoog (1965) in the culture of 
tobacco callus. Experimenting with various species of cotton. Price et 

al. (1977) support the presented data, stating that adenine, ascorbic 
acid, and other supplements were unnecessary, although this conclusion 

was based mainly on the vigorous growth obtained without their use.

Other authors working with cotton have continued to use 

pyridoxine and nicotinic acid, but no distinct analysis was apparently 
made (Schenk and Hildebrandt, 1972; Rani and Bhojwani, 1976; Bhojwani et 
al., 1977). Rani and Bhojwani (1976), in their work with Gossypium 
avbovewn and G. hivsutim, also noted a doubling of growth rate when 40 

mg/1 adenine sulfate was added to the medium, but a subculture interval 
of four weeks indicated a slow tissue, proliferation compared to the 

callus used in this study which required transfer to fresh media after a 

maximum of 10 to 14 days. Davis et al. (1974) support the use of 100 

mg/1 ascorbic acid to prevent tissue browning. In this study, ascorbic 

acid was not considered important in inducing growth but 40 mg/1 did 

enhance a healthy callus appearance.
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The auxins 2,4-D and pCPA, at concentrations of 1.0 mg/1 and 2.0 
mg/1, were found to be detrimental to callus growth (Table 17). In con

trast, Davis et al. (1974) used 2,4-D and Schenk and Hildebrandt (1972) 

incorporated both 2,4-D and pCPA in the culture of cotton callus. In a 
more recent study. Smith et al. (1977) supported the presented data by 
indicating that low levels of 2,4-D (0.5 mg/1) did not support the 

growth of Gossyp-iim arborem callus.

The auxins NAA and IAA supported equally good callus growth in 
this study and are apparently interchangeable, A similar evaluation of 

these auxins oh six different species of Gossypivm by Price et al.

(1977) suggests interchangeability but stresses the importance of 

species-specific concentrations that are dependent on the auxin 
employed.

A comparison of cytokinins 6-BA, kinetin, zeatin, or 2iP at 0.1 

mg/1 combined with NAA at both 1.0 mg/1 and 2.0 mg/1 produced only minor 
growth fluctuations as noted in Table 18. In general, tissue prolifera

tion was slightly enhanced when a cytokinin was included into the media 

arid of those tested zeatin was most active. This growth relationship 

among cytokinins is also suggested by the work of Dudits et al. (1975) 
with wheat cultures.

Evaluation of NAA and kinetin ratios in Table 19 indicates an 
optimum concentration for growth of 0.5 to 2.0 mg/1 and 0.1 mg/1, 
respectively. With a reduction of NAA concentrations below 0.5 mg/1, 

however, increased growth required a higher kinetin concentration of 0.5 

mg/1. Einsen (1977) demonstrated this point with tobacco callus.
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illustrating that as the auxin IAA was decreased in the medium optimum 
growth could be maintained by increasing the cytokinin concentration.

Attempts by many authors to induce differentiation in cotton 

callus by simple alterations of auxin and cytokinin ratios have not been 

successful (Price et al», 1977; Smith et al., 1977; Rani and Bhojwani, 

1976). Furthermore, efforts in this laboratory to initiate organogenesis 
in anther callus by decreasing or omitting the auxin from the medium as 
suggested by McWilliam et al. (1974) , Rangan (1974)s or Dang et al.

(1975) have provided no encouraging results. Preliminary experiments 

also indicated that the addition of 1% activated Charcoal to medium 

without auxin (Fridborg and Eriksson, 1975), hormonal ratios with casein 

hydrolysate (Banerjee and Gupta, 1975), the incorporation of yeast 

extract (Saunders and Bingham, 1975), or the use of adenine sulfate 

(Dang ef al., 1975) could not stimulate the differentiation process.

A ratio grid favoring a higher kinetin to' NAA con cent rati on, how

ever, indicated that the percentage of meristemoids present in the main

tenance cultures could be increased not only with ratios that favored 
growth (0 mg/1 NAA with 0.5 mg/1 kinetin and 0.01 mg/1 NAA with 0.05 and 

0.5 mg/1 kinetin) but also with ratios that produced very limited 
increases in tissue volume (Tables 20 and 21). This second experimental 

group coupled the deletion or use of small concentrations of auxin (0 to 
0.05 mg/1) with high concentrations of kinetin (5 and 10 mg/1).

Testing various cytokinins in media without added auxin, zeatin 

was found to be most influential followed by 2iP, 6-BA, and kinetin. 
Although growth decreased with increasing zeatin concentration, the
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callus maintained a healthy appearance becoming compact with a dark 

green coloration. Similar induction of greening with a corresponding 

increase in tissue compactness has been related to media cytokinin by 
other workers (Kaul and Sabharwal, 1974; Sangwan and Harada, 1975;

WoIter and Gordon, 1975; Halmer and Thorpe, 1976; Kikuta et al., 1977).
Development of distinct egg-shaped surface nodules increased 

with cytokinin concentrations to a maximum at 5 mg/1 cytokinin and 
decreasing slightly at 10 mg/1 (Table 22, Figures 4-6). Zeatin induced 

the greatest frequency of nodule development followed by 2iP, 6-BA, and 
kinetin. Vasil and Hildebrandt (1966b) described the development of 

similar type nodules as regions from which shoot apices, root primordia, 

or incipient embryos may differentiate. Dalessandro and Roberts (1971) 

found zeatin the most active followed by kinetin and 6-BA in stimulating 
zylogenesis but also implicated 2,4-D in the nodule formation of Lactuca 
tissues.

In a similar report, de Fossard (1974), working with tobacco,

observed the development of a white nodular callus which subsequently
—5underwent shoot and root regeneration on media containing only 10~ M 

kinetin. This nodulated callus was composed of compact cells and was 

found to have well-organized tracheal elements which were designated as 

"tracheid islands." De Fossard suggested that nodulation be used by 

other experimenters as an indicator of differentiation leading to shoot 

regeneration.
Evaluation of the carbohydrates glucose and sucrose at concen

trations from 1.5 to 12% indicated that glucose induced the best growth.
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healthiest appearance, and the development of the highest percentage of 
vascular nodules (Table 23) . Callus browning as observed with Gossyv'Lwn 
apboveum (Smith et al., 1977) occurred when sucrose was added to the 

medium and increased with corresponding increases in the carbohydrate 
concentration. Cotton anther callus grew almost equally well when 3.0, 

4.5, or 6.0% glucose was added to the medium. A dark green coloration 
of the callus occurred when glucose or sucrose concentrations were 

increased to 9 and 12%.
Hinnawy (1974), in cultures of Melilotus alba, observed the 

opposite relationship, with greatest growth and chlorophyll content 

occurring with carbohydrate concentrations of 2% and 1%, respectively.
In this study, Hinnawy (1974) noted that chlorophyll decreased until the 

pigment was essentially absent in callus cultured with 8% carbohydrate.
Increasing the carbohydrate from 4.5 to 12% in the medium also 

stimulated the formation of vascular nodules which became more compact 

and discrete at higher concentrations. Tracheid and nodule formation 

have often been associated with carbohydrates. Jeffs and Northcote 

(1967) found that call! treated with IAA followed by sucrose formed 
vascular nodules that contained xylem, phloem, and cambium. Other 
authors such as Mathews and Narayanaswamy (1976) with flax cultures and 

Welander (1976) using sugar beet have published data indicating an 

increase in differentiation as sucrose was increased to 8% and 10%, 
respectively. In contrast. Van et al. (1974) and Barg and Umiel (1977) 

have shown that 1% sucrose is the optimum concentration for differentia
tion in tobacco.
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Development of vascular nodules has also been induced to a 

lesser extent by increasing the concentration of agar in the medium 
(Table 24). Although nodule formation reached a maximum with 2% agar, 
the observed necrotic areas indicated decreased vigor. This is in 

agreement with the work of Doley and Leyton (1970) reporting that 

lowering the water potential with sucrose or polyethylene glycol induced 

production of xylem elements in Fraxinus callus. In similar studies on 

sycamore tissue, Wright and Northcote (1973), using media containing up 
to 15% polyethylene glycol, observed the development of compact callus 

with areas of high metabolic activity but not the induction of differ

entiation . Bornman and Fanshawe (1976), working with ]4etwi,tsdhia callus, 

found that increasing the agar concentration from 0.5 to 1.5% was 

related to the development of vascular nodules composed of compact cells 

and vascular elements arranged in sheets.

Light source and intensity as related to pigmentation and nodula- 

tion are given in Table 25. Fluorescent light stimulates greening at 

low intensities (150 to 800 lux) and anthocyanin production at high 

intensities (2,000 lux). Anthocyanin production is also related to 

light source with the greatest amount of surface pigmentation developing 
under incandescent bulbs followed by Gro-Lux and day light fluorescent 

tubes. Modulation developed with 2,000 lux intensity regardless of 

light source.
Stimulation of chlorophyll synthesis by light has also been 

observed in tissue cultures of Colooas-La esoulenta (Abb El-Nil and 

Zettler, 1976) axi& Asparagus offioinaVis (Hunault, 1973), but these
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authors indicate a hormone interaction. Differentiation in Dig-itdl'is 
(Corduan and Spix,. 1975) or daylilies (Meyer, 1976) was found to only 
occur in the light. The interaction between light and differentiation 
has been related to hormone concentrations by the work of Letonze 

(1974). Using willow cuttings, Letonze (1974) has shown that the effect 
of red light on relaxing suppression of auxiliary buds can be replaced 
by the use of cytokinins.

Nodules produced on media containing 5.0 mg/1 zeatin have been 
induced to continue development with the production of normal roots when 

sub cultured on media containing 1.5 mg/1 NAA. and 0.1 mg/1 6-BA (Figure 8, 
Table 26). Concentration of NAA higher than 2.0 mg/1 induced callus 
growth, whereas concentrations less than 1.0 mg/1 gave no response.

The importance of NAA in the induction of roots has been 
illustrated by the work of Kartha et al. (1974) with cultures of rape 

and Thomas et al. (1977) using callus from several species of the 

Cupressaceae. Peters et al. (1974) have implicated the removal of 

kinetin as a control factor in root morphogenesis of Phaseolus vulgavis 
culture.

The presented research substantiates the uniqueness of a plant 

genus such as Gossypi-vm with regard to culture requirements. Compari
sons to other published reports, however, also indicate certain common 

points. For example, thiamine appears essential for growth, inositol 

improves proliferation, but most other vitamins are of limited or no

value.
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All of the foregoing experiments indicate that an intricate 

sequence and balance of hormones are involved in the differentiation of 
cotton anther callus. This study provides the framework for continued 
efforts to elucidate the entire regeneration process.



SUMMARY

An. evaluation of factors necessary for optimum growth of calli 
derived from Stem tissue of Gossypi-nm hivsutvm L. was performed. 
Innpculim weight, subculture interval, and light environments were found 
to be important variables in the establishment of a tissue culture 
system.

The carbohydrates glactose, maltose, mannitol, and sorbitol did 

not support growth, indicating a potential importance as nonnutrient 
osmotic stabilizers for use in protoplast culture. Fructose induced the 

maximum tissue growth followed closely by glucose which produced a 

healthier light green appearance. The undefined organic additives 

yeast extract, casein hydrolysate, and cotton seed protein hydrolysate 

were found to be of no value in encouraging growth.
Addition of the vitamins pyridoxine°HC1, nicotinic acid, biotin, 

folic acid, p-aminobenzoic acid, and adenine sulfate to the nutrient 

medium proved to have no effect on callus growth. In contrast, 

thiamine°HC1 was essential and inositol greatly enhanced callus growth, 

while ascorbic acid produced a healthier tissue appearance.

Auxins 2,4-D and pCPA were detrimental to callus growth, whereas 

NAA and IAA equally supported good health and weight accumulation. The 

use of cytokinins indicated that zeatin was only slightly better than

2iP,. 6-BA, and kinetin in encouraging tissue proliferation.
- ' ' - . . - \
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Differentiation experiments with anther callus of Gossypivm 

hirsutum L. indicated that the development of meristematic nodules may 

be a pathway to plant regeneration. The formation of vascular nodules 

was accomplished on nutrient medium containing 5.0 mg/1 cytokinin without 

auxins. Zeatin induced the greatest response followed by 2iP, 6-BA, and 
kinetin. Modulation was also associated with increased concentrations 

of glucose (9%), agar (2%), and light (2,000 lux).
Induction of nodulation is apparently complex and determined by 

hormonal balance in which carbohydrate concentration, environmental 

light intensity, and available water may play an essential role as con

tributing factors.

Modules, produced on medium containing 5.0 mg/1 zeatin without 
auxin, were induced to form apparently normal roots when transferred to 

medium containing 1.0 to 2.0 mg/1 NAA and 0.1 mg/1 6-BA.
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