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PREFACE 

It has been well documented that extremely low concentrations of plant growth 
substances have the ability to regulate many aspects of plant growth and devel
opment from seed germination through senescence and death of the plant. More 
than 60 years ago auxins, which are the first class of plant growth substances, 
were discovered. Since then four additional classes of plant growth substances 
have been recognized, namely, gibberellins, cytokinins, abscisic acid, and ethy
lene. Most recently brassinosteroids, salicylates, and jasmonates are beginning to 
gain acceptance as the newest classes of plant growth substances. Numerous 
advances in the use of plant growth substances on a practical scale along with 
basic research at the biochemical, physiological, and molecular levels have been 
made. The use of these compounds in agriculture has a great deal of potential 
in regulating many, if not all, plant physiological processes, and with time their 
commercial use for these purposes may become a reality. However, at the present 
time the use of plant growth substances is in its infancy stage of development. 
This becomes quite evident when reviewing the literature in the area of plant 
growth regulating compounds where one can find that a given class of plant 
growth substances promotes, inhibits, or otherwise has no effect on a specific 
plant process. Although there is a great deal of variation in the literature some 
general theories have been established and, for the most part, can now be applied 
to many situations. These general theories and concepts along with the relation
ship between plant growth substances and different physiological processes will 
be discussed in this book, which will be organized as follows: It starts with 
historical aspects and fundamental terms/concepts. This is followed by method
ology for extraction, purification, and quantification of plant growth substances 
in Chapter 2; chemistry, biological effects, and mechanism of action of plant 
growth substances are covered in Chapter 3. The first three chapters will provide 
a firm foundation on how these plant growth substances work, thereby making 
many of their practical uses evident. In subsequent chapters the involvement of 
plant growth substances in seed germination, seedling growth, rooting, dormancy, 
juvenility, maturity, senescence, flowering, abscission, fruit set, fruit growth, fruit 
development, premature drop, ripening, promotion of fruit drop, tuberization, 
photosynthesis, and weed control will be covered. Throughout this book practical 
uses of plant growth substances in agriculture will be presented and, when 
possible, examples will be given showing how basic laboratory research has 
translated into increased production and profits to the grower. This text is 
designed primarily for upper-level students and will provide an excellent resource 
book for people entering this exciting field of research. 

xvii 



CHAPTER 

1 
Historical Aspects and 
Fundamental Terms 
and Concepts 

GENERAL HISTORICAL ASPECTS FOR PLANT 
GROWTH SUBSTANCES 

In the early 1900s F. W. Went made the profound statement "Ohne Wuchstoff, 
kein Wachstum ", translated, "without growth substances, no growth." It is now 
generally accepted that plant growth substances have an important regulatory 
role throughout the plant kingdom. Since the pioneering work of Went, research 
in the area of plant growth substances has made considerable strides. At the 
present time plant growth substances are used in agriculture for purposes such 
as delaying or promoting ripening, induction of rooting, promotion of abscis
sion, control of fruit development, weed control, size control and many other 
responses. Although they are currently used in agriculture, there are many 
questions which remain to be answered in order to maximize the true potential 
of plant growth substances. 

puhamel du Monceau (1758) concluded from his experiments that sap 
movement controlled the growth of plants with one sap moving upward and 

1 



2 Chap. 1 Historical Aspects and Fundamental Terms and Concepts 

the other downward. He showed that the sap moving downward from the leaves 
controlled nutrition of the roots, and when the downward movement of sap was 
interrupted by girdling both callus and root formation would occur above the 
girdle. In 1880, Julius von Sachs, the father of plant physiology, presented 
evidence revising du Monceau's theory. Von Sachs (1880) was the first to 
propose that organ-forming substances were produced by the plant and that 
these substances moved in different directions controlling growth and develop
ment. He further postulated that the organ-forming substances were produced 
in response to environmental conditions such as light and gravity. Beyerinck 
(1888) wrote the first article on organ-forming substances. He studied willow 
gall, which is caused by the leaf wasp Nematus capreae. When the wasp 
deposits its eggs a large gall develops. He suggested that "growth enzymes" 
moved out of the eggs and caused a gall to form. It was not until 40 years later 
that indole-3-acetic acid (IAA) was identified as the cause of the gall. For 
many years researchers assumed that nutritional factors rather than growth 
substances were involved in regulating plant growth and development. One of 
the most commonly used examples of the nutritional approach is the classical 
work of Kraus and Kraybill (1918) establishing the nutritional theory. They 
studied changes in the carbohydrate-to-nitrogen (C/N) ratio in relationship to 
growth of tomato plants. They found that normal fruiting and vegetative growth 
occurred when high carbohydrate and low nitrogen levels were present within 
the plant, whereas high levels of nitrogen and low levels of carbohydrate 
promoted vegetative growth and reduced fruiting. This work was misinterpreted 
to suggest that this ratio had a direct effect on flowering. Subsequent work 
showed that although a particular carbohydrate-to-nitrogen ratio may be asso
ciated with a certain type of growth, this ratio is in no way a direct cause of 
flowering. Today it is generally accepted that plant growth substances are 
involved in the regulation of plant responses rather than the C/N ratio and this 
is called the hormonal theory. 

Bayliss and Starling (animal physiologists) (1904) coined the word hor
mone and defined it as arousing to activity. Today in animal systems the term 
hormone is used to define a compound synthesized at a localized site, and 
transported via the bloodstream to a target tissue where it regulates a physio
logical response based on concentration in that tissue (Trewavas 1981). Fitting 
(1910) first introduced the term hormone into plant physiology, and it has been 
used since to define specific naturally occurring organic substances with regu
latory functions in plants (Fitting 1910). However, its use has historically 
caused a great deal of confusion in the plant world and still remains unclear 
today. In 1951, Dr. Kenneth V. Thimann, who at the time was the President 
of the American Society of Plant Physiology, appointed a group of scientists 
to establish uniform nomenclature for plant growth substances. This committee, 
in conjunction with 200 other scientists from all over the world interested in 
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chemical regulation of plant growth and development, established nomenclature 
on regulators in plants (van Overbeek et al. 1954). The definition of plant 
hormones (phytohormones) was established by this group to be "regulators 
produced by plants, which in low concentrations regulate plant physiological 
processes. Hormones usually move within the plant from a site of production 
to a site of action." 

DISCOVERY OF PLANT GROWTH SUBSTANCES 

Auxins 

Although Darwin is better known for his theory of evolution, he is consider
ed to be the scientist responsible for initiating modern plant growth substance 
research. In his book entitled, The Power of Movement in Plants (Darwin 
1880), he described the effects of light on movement of coleoptiles from 
etiolated Phalaris canariensis (canary grass) seedlings. The coleoptile is a 
specialized leaf in the form of a hollow cylinder that encloses the epicotyl and 
is attached to the first node. It protects the growing tip of the grass seedling 
until the more rapidly growing leaf emerges above the ground. When the 
coleoptile was supplied with unidirectional light it resulted in bending toward 
the source. If the tip of the coleoptile was covered with an aluminum foil cap 
and the lower part was unilaterally illuminated, curvature typically did not 
occur. However, when the lower part of the coleoptile was covered and the 
coleoptile tip was exposed to light, bending did occur. These experiments 
suggested that the tip, of the coleoptile perceived the light and produced a 
signal which was transported to just below the tip, resulting in bending. This 
was further confirmed by an experiment which showed that when unidirectional 
light was given to a coleoptile with its tip removed, bending did not occur 
(Figure 1.1). 

Salkowski (1885) discovered indole-3-acetic acid in fermentation media. It 
was not until many years later that this substance was found in plant tissues, 
and today it is known to be the major auxin involved in many physiological 
processes in plants. Rothert (1894) confirmed and extended Darwin's experi
ments showing that the phototropic signal resulting in bending is conducted in 
the parenchyma of the coleoptile. 

Fitting (1907) evaluated the effect of making unilateral incisions in Avena 
coleoptiles in an environment saturated with moisture so the cut surfaces did 
not dry before or after they were pressed together. He showed no effect of 
lateral incisions on the growth rate and phototropic response regardless of their 
positions with regard to light (Figure 1.1). He concluded that the stimulus is 
transmitted through living material and goes around incisions. He further 
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Figure 1.1. Historical studies on the involvement of auxin in coleoptile curvature from 
Devlin and Witham (1983) 
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speculated that the positive phototropic response occurred because the light sets 
up a polarity in the cells of the tip and that the stimulus is transmitted from 
the cells of the unilaterally illuminated tips to the cells in the darkened basal 
portion. Unfortunately, his observations were incorrect because a barrier to 
translocation was never formed. 

Boysen-Jensen (1913) showed that the light-induced stimulus could be 
transported through nonliving material. He provided proof for this by cutting 
the tips off of A vena coleoptiles and then inserting a block of gelatin between 
the tip and the severed stump. When he illuminated only the tip, curvature was 
obtained in the basal portion below the gelatin (Figure 1.1). 

In another experiment, Boysen-Jensen made incisions on different sides of 
the coleoptile and inserted a piece of mica to assure that a barrier had been 
achieved, unlike Fitting's earlier work. He showed that when the incision was 
made on the shade side of the coleoptile there was no curvature; however, when 
it was made on the light side of the coleoptile curvature occurred (Figure 1.1). 
This work showed that the signal was transported down the shaded side of the 
coleoptile, promoting curvature. 

Paal (1918) confirmed Boysen-Jensen's findings and provided additional 
information showing that a diffusible substance produced in the tip controls the 
growth of the A vena coleoptile. He found that if the tip of a coleoptile was 
removed, then placed on one side of the cut surface in the dark, negative 
curvature (away from the tip) was induced (Figure 1.1). 

Soding (1925) extended Paal's work using the straight growth test, which 
is based on elongation of the A vena coleoptile in the dark. He showed that if 
the tip of the coleoptile was removed there was a reduction in elongation; 
however, when the tip was removed then put back on the coleoptile stump in 
the original orientation straight growth resum~d (Figure 1.1). 

Went (1926) published a report describing how he had obtained an active 
chemical substance from the A vena coleoptile tip by placing coleoptile tips on 
blocks of agar, waiting for a period of time, removing the tips, and cutting the 
agar into smaller blocks (Figure 1.2). He found that agar blocks containing the 
diffusate from excised tips promoted renewed growth of the coleoptile when 
placed on decapitated stems. 

Went (1928) also developed a method for the quantification of plant growth 
substances present in a sample (Figure 1.3). This test indicated that the curva
tures were proportional, within limits, to the amount of active plant growth 
substance. Went's findings greatly stimulated plant growth substance research. 
In fact, much of our current knowledge regarding IAA is based on results 
obtained with the A vena curvature test, which is still commonly used today. 

Kogl and Haagen-Smit (1931), starting with 33 gallons of human urine, 
performed a series of purification steps, and after each step they tested biologi
cal activity using the A vena curvature test. Their final purification step yielded 
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Figure 1.2. Early study by Went (1926) showing that a chemical from excised coleop
tile tips promoted renewed growth of decapitated coleoptiles in the dark. 

/ - - ~ 
Re_tip. 

1 
1 ..-

rr 1..-- 1 
1 

A/k, 90-120 minutes, the ""Ilte 
of cruvaIIITe is nv:asru<d. 

Figure 1.3. Description of the Avena coleoptile bioassay developed by Went (1928). 
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40 mg of purified compound which they called auxin A (auxentriolic acid). 
Later Kogl et al. (1934a, 1934b) once again analyzed human urine and found 
a compound similar in structure and activity to auxin A and gave it the name 
auxin B (auxenolenic acid). Also contained in this extract was heteroauxin 
(other auxin), now known as indole-3-acetic acid, which had been initially 
discovered and characterized by Salkowski in 1885. 

Kogl and Kostermans (1934) isolated IAA from yeast and Thimann (1935) 
isolated IAA from cultures of Rhizopus suinus. It was not until 1946 that 
Haagen-Smit and others isolated pure IAA from the endosperm of immature 
com grains showing that IAA was found· in a higher plant (Haagen-Smit et al. 
1946). Vliegenthart and Vliegenthart (1966) presented evidence that auxin A 
and B are not natural plant products; however, IAA has since been isolated 
from numerous plant species and has been shown to be ubiquitous in the plant 
kingdom. Went's auxin was probably mostly IAA, however, other growth 
promoters may have been in his initial diffusion studies on the phototropic 
response, possibly IAA derivatives. The term auxin is derived from the Greek 
auxein, which means "to grow" and was proposed originally by Kogl, Haagen
Smit, and Went to designate a particular substance which had the property of 
promoting curvature in the A vena coleoptile curvature test. 

Gibberellins 

Many years ago Japanese farmers observed that certain rice plants were 
taller earlier in the season, suggesting that growth was better and the crop was 
going to produce high yields. However, as the season progressed the plants 
became spindly, chioratic, and, more importantly, sterile and devoid of fruit. 
Instead of a bumper season, 40% crop losses were typically found annually. 
This disease received many names from Japanese farmers based on the symp
toms observed, some commonly used terms follow: bakanae (foolish seedling), 
ahonae (stupid seedling), yurei (ghost), somennae (thin noodle seedling), and 
so on. The most commonly used term is bakanae seedling. In 1898, the first 
scientific paper was published by Hori demonstrating that the bakanae disease 
was caused by infection by a fungus belonging to the genus Fusarium (Hori 
1898). Sawada (1912) was the first to suggest that elongation of rice seedlings 
was due to the stimulus of the fungal hyphae. Kurosawa (1926) presented 
evidence that a substance secreted by the bakanae fungus was responsible for 
the elongation. Following the initial report by Hori there was a lot of contro
versy over the nomenclature of the bakanae fungus. This problem was resolved 
by Wollenweber in 1931 when he named the imperfect stage (asexual) Fusar
ium moniliforme (Sheldon) and the perfect stage (sexual) Gibberella fujikuroi 
(Saw.) Wr. (Takahashi et al. 1991). The purification of the bakanae-producing 
substance was hindered by the presence of a growth-inhibiting material, fusaric 
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acid (5-n-butylpicolinic acid). However, in 1935 Yabuta isolated an active 
crystalline material from Gibberella fujikuroi sterile culture flltrate (Yabuta 
1935). This substance was found to stimulate growth when applied to the roots 
of rice seedlings and was called gibberellin A, this was the first time that the 
term gibberellin was used in scientific literature. Yabuta and Sumiki (1938) 
were successful in crystallizing gibberellin A and gibberellin B; however, due 
to the war, gibberellin research was placed on hold. In the 1950s there was 
intensive research by English, American, and Japanese workers on the growth
regulating properties of gibberellic acid and identification of gibberellins in 
fungal extracts, and they were finally discovered in higher plants. In 1954 
English researchers (Brian et al. 1954) identified the plant growth-regulating 
properties of gibberellic acid in a product from the fungus Gibberella fujikuroi. 
In 1955 American researchers (Stodola et al. 1955) identified what they called 
gibberellin A and gibberellin X from Gibberella fujikuroi sterile culture fll
trates. Also in 1955, Japanese researchers (Takahashi et a1. 1955) found that 
gibberellin A contained three distinct compounds, which they called GAl' GA2, 

and GA3• It is now generally agreed upon that gibberellin X, gibberellic acid, 
and GA3 are all the same compound, in fact, today gibberellic acid and GA3 are 
synonymous. Radley (1956) identified substances similar to gibberellic acid in 
higher plants, and since this time gibberellins have been shown to be ubiquitous 
in higher plants (Takahashi et al. 1991). Takahashi et a1. (1957) identified G~ 
from Gibberella fujikuori and showed that GAl was the same as Stodola's 
(Stodola et al. 1955) gibberellin A; however, there were no counterparts for 
GA2 or G~. MacMillan and Takahashi (1968) proposed assigning numbers 
from gibberellin Al-AX irrespective of their origin. This procedure is still used 
today for the more than 90 gibberellins currently known. 

Cytokinins 

Haberlandt (1913) showed that phloem diffusates had the ability to stimulate 
cell proliferation in potato tuber tissue. Almost 30 years later van Overbeek et 
a1. (1941) showed that a naturally occurring substance found in coconut milk 
(liquid endosperm) had the ability to promote cellular proliferation in young 
Datura embryos. Van Overbeek et al. (1944) reported that unpurified extracts 
of Datura embryos, yeast, wheat germ, and almond meal promoted cell division 
in Datura embryo cultures, thereby showing that these substances were wide
spread in their occurrence. Haberlandt's work was extended by Jablonski and 
Skoog in 1954; they showed that vascular tissue cells contain materials that 
stimulate cell division in tobacco plants. Miller et al. (1955b) were the first to 
report the isolation and identification of kinetin (6-furfurylaminopurine), which 
was obtained from aged or autoclaved herring sperm deoxyribonucleic acid 
(DNA). They named the compound kinetin because of its ability to promote 
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cell division or cytokinesis in tobacco pith tissue (Miller et· al. 1955a). Hall 
and deRopp (1955) showed that kinetin could be produced by autoclaving a 
mixture of adenine and furfuryl alcohol, thereby showing that kinetin could be 
formed from DNA degradation products. Miller (1961) reported the identifica
tion of a naturally occurring kinetin-like compound in maize, this compound 
was later found to be zeatin. Letham (1963) published a report on zeatin as a 
factor inducing cell division from Zea mays and later described its chemical 
properties (Letham 1964). Working in another laboratory Shaw and Wilson 
(1964) confirmed the identity of zeatin structure and showed that it was not 
an artifact. Mer sorting through the literature in this area it is clear that the 
credit for the discovery of zeatin should be given to both Letham and Miller 
in 1963. Since the discovery of zeatin, numerous additional cytokinins have 
been discovered and shown to be ubiquitous in the plant kingdom. 

Abscisic Acid 

Liu and Cams (1961) isolated a substance from mature cotton fruit and 
found that it stimulated abscission of cotton petioles. The structure of this 
compound, which was called abscisin I was never determined. In 1963, Ad
dicott's group in the United States isolated a substance from young cotton fruit 
and found that it also caused abscission of cotton petioles (Ohkuma et al. 
1963). They partially characterized this compound showing that it was a 
15-carbon compound and called it abscisin II. Almost simultaneously with the 
reports of abscisin II, Wareing's group in England isolated an inhibitory sub
stance from birch leaves exposed to short days. They showed that when this 
substance was applied to birch seedlings it inhibited growth of the apical bud 
(Eagles and Wareing 1963). This led them to suggest that the compound was 
a dormancy inducer and thus the uncharacterized chemical was termed dormin. 
In 1965, workers in Addicott's laboratory proposed the chemical structure for 
abscisin II (Ohkuma et al. 1965; Ohkuma 1965). Again almost simultaneously 
Wareing working in collaboration with Shell Researchers Ltd. in England, 
showed that dormin and abscisin II were the same compound (Cornforth et a1. 
1965a, 1965b). To minimize problems with nomenclature, plant scientists ac
tive in this area of research agreed on the name abscisic acid and reported their 
recommendation at the Sixth International Conference on Plant Growth Sub
stances in Ottawa in 1967; the name was approved and the decision published 
by Addicott et al. (1968). Today, the terms abscisin I, abscisin II and dormin 
have been dropped and only appear in the early pioneering studies. Since its 
discovery, abscisic acid has been shown to be widely distributed in the plant 
kingdom and has a variety of effects, in addition to dormancy and abscission. 
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Ethylene 

Practical uses for ethylene started many years ago with ancient Egyptians, 
who would gash figs in order to stimulate ripening (Galil 1968), and the 
Chinese, who would burn incense in closed rooms to enhance the ripening of 
pears (Miller 1947). Girardin (1864) showed that leaks of illuminating gas 
(produced from combusting coal) from street lights caused premature shedding 
of leaves near the source. It was also shown that illuminating gas would cause 
stunting, twisting, and abnormal horizontal growth of shoots (Molisch 1884). 
It was not until much later that the Russian scientist Neljubow (1901) showed 
that ethylene was the active component in illuminating gas. His research 
showed that ethylene, a component of illuminating gas, caused a triple response 
in etiolated pea seedlings. This information was used to develop the first 
bioassay for ethylene based on its ability to suppress stem elongation, increase 
radial expansion (lateral expansion), and promote bending or horizontal growth 
in response to gravity (Neljubow 1901). Doubt (1917) discovered that ethylene 
promoted abscission. A method which used combustion products for stimulat
ing ripening in citrus was patented by Denny (1923). Denny (1924) demon
strated that ethylene was the active component in combustion products causing 
ripening. The first suggestion that fruits release a gas which stimulates ripening 
was by Cousins (1910), who, in an annual report to the Jamaican Agricultural 
Department mentioned that oranges stored with bananas caused premature 
ripening. It was more than 20 years until Gane (1934) proved that ethylene is 
synthesized by plants and is responsible for speeding the ripening process. 
Shortly after this finding Crocker et al. (1935) at the Boyce Thompson Institute 
proposed that ethylene was the fruit-ripening hormone which also acted as a 
plant growth regulator in vegetative plant organs. This hypothesis was sup
ported by many other researchers (Hansen 1943; Kidd and West 1945). Biale 
et al. (1954), using available but insensitive assay procedures for ethylene, 
found that fruits did not produce sufficient amounts prior to ripening to induce 
the process. This work put the hypothesis that ethylene affects fruit ripening 
on hold for about five years. In 1959, gas chromatographic methods for the 
detection of ethylene in plant tissues were developed which increased the 
sensitivity over existing methods by approximately one million fold (Burg and 
Stolwijk 1959; Burg and Thimann 1959). With this technique available, the 
work in ethylene research went full speed ahead. Ethylene is now generally 
accepted to be a plant growth substance which has many effects in plants from 
seed germination through senescence and death of the plant. 

Brassinosteroids 

In the 1960s Mitchell et al. at the U.S. Department of Agriculture (USDA) 
Research Center began screening pollen in search of new plant growth substan-



Chap. 1 Historical Aspects and Fundamental Terms and Concepts 11 

ces. It had been known for many years that pollen is a rich source of plant 
growth-regulating substances, thereby making it a logical choice for screening. 
Nearly 60 species of plants were screened, and about half caused increased 
growth in the bean second internode bioassay. The greatest growth increases 
were obtained from alder tree (Alnus glutinosa L.) and rape plant pollen 
(Brassica napus L.). Extracts from these two pollens caused such rapid growth 
in the bean second internode bioassay that the stem would split above the 
second pair of leaves (Figure 1.4). The USDA workers proposed that this was 
a new class of lipoidal hormones, which they termed brassins (defined as a 
crude lipoidal extract from rape pollen). Mitchell and Gregory (1972) showed 
that brassins could enhance crop yield, crop efficiency, and seed vigor. Mil
borrow and Pryce (1973) believed that brassins were a crude extract containing 
gibberellins and other compounds rather than endogenous lipids. In an effort 
to isolate the active components of brassins, 500 Ib of bee-collected rape 
pollen, which was more readily available then alder pollen, was extracted and 
purified resulting in 10 mg of active crystalline material. Grove et a1. (1979) 
identified brassinolide as the active component in brassins. Brassinolide is the 
first plant growth substance shown to have a steriodal structure and is the first 
naturally occurring steroid that has a seven-membered lactone ring as part of 
a fused ring system. Shortly after the identification of brassinolide by the 
USDA group it was also identified in Distylium extracts (Abe and Marumo 

Figure 1.4. Brassinosteroid-induced splitting of a bean stem caused by rapid growth 
(Courtesy of N. B. Mandava). 
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1991). Since this time brassinolide and many other related compounds have 
been found to be widely distributed in the plant kingdom and have many effects 
on plant growth and development (Cutler et al. 1991). 

Salicylates 

The ancient Greeks and American Indians discovered that the leaves and 
bark of the willow tree cured minor pain and fevers. In 1828, Johann Buchner, 
working in Munich, Germany, was the first to isolate trace amounts of salicin, 
which is the glucoside of salicyl alcohol and the major salicylate in willow 
bark (Weissmann 1991). Raffaele Piria (1838) named the active ingredient in 
willow bark salicylic acid (SA) from the Latin word Salix, meaning willow 
tree. In 1874, the first commercial production of SA began in Germany, and 
by 1898, aspirin, which is the trade name for acetylsalicylic acid, was intro
duced by the Bayer Co. (Raskin 1992a). There are many references in the 
literature in which plant scientists have used aspirin and salicylic acid inter
changeably in experiments. However, it should be noted that aspirin has not 
been shown to be a natural plant product. It has probably been shown to be 
effective because acetylsalicylic acid is readily converted to salicylic acid in 
aqueous systems. Today, salicylic acid is known to be in a wide variety of 
plants and is thought by some to be an important plant growth substance 
(Raskin 1992a, 1992b). 

Jasmonates 

Demole et al. (1962) were the first to isolate (- )-jasmonic acid methyl 
ester from the essential oil of Jasminum grandiflorum. Today jasmonic acid 
(- )-JA and its stereoisomer (+ )-7-iso-JA are the major representatives of 
jasmonates, although a number of other structurally related cyclopentane fatty 
acids have been identified. Initially, jasmonic acid was recognized for its 
growth inhibitory activity, but now it has been shown to be widespread within 
the plant kingdom, and renewed interest has focused on its ability to increase 
expression of specific plant genes, some of which occur in response to wound
ing (Staswick 1992; Sembdner and Parthier 1993). 

FUNDAMENTAL TERMS AND CONCEPTS 

Jacobs (1959) developed a simple yet elegant set of rules for assessing the 
extent and strength of evidence that a given chemical controls a process in an 
organism. Although these rules were derived for organizing and evaluating 
evidence and its application to auxins and phototropism, they can still be used 
today to determine whether a plant growth substance is involved in a given 
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process. The capital letters of the first word of each of the six rules can be 
used as a memorization tool: PESIGS-presence/parallel variation, excision, 
substitution, isolation, generality, and specificity. These rules follow: 

1. Presence/parallel variation: The chemical in question must be present in the 
organism and the parallel variation between the amount of the chemical and the 
relative activation of the process should be demonstrated. The latter requirement 
should be modified as designated by Davies (1987): 

a. The plant growth substance level should be measured in the exact tissue, cell, 
or even subcellular compartment where the response is occurring. 

b. The possible changes in sensitivity that may occur during development should 
be taken into account. One additional factor should be added to this section, 
the chemical should be found in a wide range of organisms. 

2. Excision: Excision refers to the practice of removing the organ, tissue, or or
ganelle known to be the source of the chemical under investigation and demon
strating a subsequent cessation of the process. 

3. Substitution: A pure chemical can be substituted for the excised normal source 
and should lead to restoration of the process. 

4. Isolation: One should isolate as much of the reacting system as is feasible and 
demonstrate that the chemical's effect is the same as in the less isolated system. 

S. Generality: Demonstrate that the results obtained by a chemical apply in all 
similar situations. 

6. Specificity: The chemical should be specific. 

Today it is clear that the definition of a mammalian hormone cannot be 
directly applied to plant growth substances for many reasons. Although the 
term plant hormone has been used for many years, it is an inaccurate term, 
therefore the term plant growth substance will be used in this text. The 
following definition of a plant growth substance will be used in this text: 

1. It must be a chemically characterized compound which is biosynthesized within 
the plant and broadly distributed within the plant kingdom. 

2. It must show specific biological activity at extremely low concentrations. 

3. It must be shown to playa fundamental role in regulating physiological phenom
ena in vivo in a dose/dependent and/or due to changes in sensitivity of the tissue 
during development. 

This definition includes all of the generally accepted plant growth substances 
including auxins, gibberellins, cytokinins, abscisic acid, and ethylene, plus 
brassinosteroids, salicylates, jasmonates, and others by removing the require
ment for transport. The requirement for transport in the initial definition has 
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been deleted from the definition contained in this text because although many 
of the existing plant growth substances may be transported and have their 
action far from their site of synthesis this is not always true. For example, 
cytokinins can be produced in the roots and transported to the shoots where 
they are involved in delaying senescence, whereas ethylene may either be 
transported or promote changes at the site that it is synthesized. In order to 
strengthen the initial defmition it is important to know the structure of a plant 
growth substance and that it is widely distributed in the plant kingdom, by 
including this information researchers will be able to show that a specific 
compound plays a fundamental role in regulating a response in vivo. By adding 
the statement that a plant growth substance acts in a dose-dependent manner 
and/or due to changes in sensitivity of the tissue further strengthens the defi
nition because changes in the concentration of plant growth substances do not 
always correspond to an actual response. No matter what the definition of a 
plant growth substance, one should always keep in mind that it is not the 
individual compound causing a given response, but rather it is an interaction 
of all known substances plus many others not yet discovered. In addition, it 
must also be remembered that animal hormones are generally compounds like 
proteins having high information content, whereas plant growth substances are 
low-molecular-weight chemicals that only provide a tum-on or tum-off signal 
by stimulating a cascade of events in the cell leading to a response. 

For the remainder of this section, some additional terms which will be 
helpful in future sections will be defmed. The term plant growth regulator 
(PGR) has largely been used by agrichemical companies to designate synthetic 
regulators. The definition given by van Overbeek et al. (1954) still applies 
today; plant growth regulators are organic compounds other than nutrients 
(materials which supply either energy or essential mineral elements), which in 
small amounts promote, inhibit, or otherwise modify any physiological process 
in plants. Therefore, in this text we will use the term plant growth regulator 
to designate synthetic compounds (although it is a very broad definition which 
includes plant growth substances) and the term plant growth substance for 
naturally occurring compounds produced by the plant. 

Abscisic acid and related inhibitors naturally inhibit or retard many plant 
physiological or biochemical processes, however, to use these chemicals to 
retard growth is not practical for many reasons, cost being one. Different types 
of synthetic organic chemicals which retard plant growth are used in agriculture 
today. The definition of a plant growth retardant is an organic compound that 
retards cell division and cell elongation in shoot tissues and thus regulates plant 
height physiologically without causing malformation of leaves and stems 
(Weaver 1972). Plants which are treated with a plant growth retardant typically 
have darker green leaves and flowering is affected indirectly. The growth of 
these plants is not completely suppressed but rather slowed down dramatically 
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producing a more compact plant. Some examples of plant growth retardants are 
Cycocel (2-chloroethyl )trimethyl-ammonium . chloride), Paclobutrazol (1- ( 4-
chlorophenyl )-4,4-dimethyl-2- (1H-1,2,4-triazol-1-yl )pentan-3-01) and Bonzi 
(2 RS, 3RS)-1-(4-chlorophenyl-4-diroethyl-2-(1,2,4-triazol-1-yl)penten-3-01). 
Many plant growth retardants which have been shown to counteract the effects 
of gibberellins are called antigibberellins. 

SUMMARY OF PLANT GROWTH SUBSTANCES 

Auxins 

The term auxin is derived from the Greek word auxein meaning to grow. 
Auxin is a generic term representing a class of compounds which are charac
terized by their capacity to induce elongation in shoot cells in the subapical 
region and resemble indole-3-acetic acid in physiological action. Auxins may, 
and generally do, affect other processes besides elongation, but elongation is 
considered critical. Auxins are generally acids with an unsaturated nucleus or 
their derivatives (van Overbeek et al. 1954). See Figure 1.5 for the structure 
of an auxin. 

IAA was first discovered in human urine. Since this time there have been 
numerous reports indicating that IAA is found ubiquitously within the plant 
kingdom. In addition, it has been shown that IAA is synthesized in numerous 
species of nonseed plants including bacteria, fungi, and algae. Even though 
there have been suggestions' in the literature that there are other naturally 
occurring auxins which qualify as a plant growth substance, IAA is still the 
only naturally occurring indole which meets all of the criteria. 

It is generally accepted that IAA is synthesized from tryptophan in pollen 
and actively growing tissues such as shoot meristems, leaf primordia, young 
expanding leaves, developing seeds, and fruits. 

Auxins are involved in many physiological processes in plants. Extensively 
covering all auxin-mediated responses is beyond the scope of this book; there
fore, the following are a list of known responses in plants that have been shown 
to be regulated by auxins: cellular elongation, phototropism, geotropism, apical 

Figure 1.5. Structural formula for the naturally occurring auxin indole-3-acetic acid. 
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dominance, root initiation, ethylene production, fruit development, partheno
carpy, abscission, and sex expression. 

At the present time there are many synthetic auxins which are used for a 
variety of purposes. Several examples along with their biological effects in
clude: indole-3-butyric acid (root initiation), 2,4-dichlorophenoxyacetic acid 
(broad-leaf herbicide), and naphthaleneacetic acid (apple fruit thinning). 

Gibberellins 

Gibberellins are a class of plant growth substances having an ent-gibberel
lane skeleton (Figure 1.6) and stimulating cell division and/or cell elongation 
and other regulatory functions in the same manner as gibberellic acid (GA3)' 

GA3 was the first commercially available gibberellin. It has historically been 
called gibberellic acid and has been used as a standard in bioassay systems. 
For these reasons it is the representative structure for more then 90 gibberellins 
known today (Figure 1.7). 

Gibberellins were first identified in the fungus Gibberella fujikuroi. Since 
their discovery gibberellins have been found to be widespread in the plant 
kingdom including angiosperms, gymnosperms, ferns, brown algae, green al
gae, fungi, and bacteria (Lang 1970). 

It is generally accepted that gibberellins are synthesized via the mevalonic 
acid pathway in young actively growing shoots and developing seeds. 

Gibberellins have been shown to be involved in many physiological pro
cesses in plants; however, the genus and/or species plus other factors will 
determine the specific gibberellin which is most effective in promoting a given 
response. The following are responses shown to be regulated by gibberellins: 
stem growth, bolting/flowering, seed germination, dormancy, sex expression, 
senescence, parthenocarpy, fruit set, and growth. 

The substituted phthalimide AC 94, 377 (1-(3-chlorophthalimido) cyc
lohexanecarboxamide) has been shown to act similarly to gibberellins in a 
number of plant systems (Rodaway et al. 1991). 

Figure 1.6. Structural formula for ent-gibberellane which is the backbone for all 
gibberellins. 



Chap. 1 Historical Aspects and Fundamental Terms and Concepts 17 

OR 
· .. OR 

Figure 1.7. Structural formula for gibberellic acid (GA3)' 

Cytokinins 

Cytokinins are substituted adenine compounds that promote cell division and 
other growth regulatory functions in the same manner as kinetin (6-fur
furylaminopurine ). 

The first cytokinin was isolated from autoclaved herring sperm DNA and 
called kinetin (6-furfurylaminopurine) because of its ability to promote cell 
division or cytokinesis in tobacco pith tissue. The first naturally occurring 
cytokinin was isolated from immature corn kernels and was called zeatin 
(6-( 4-hydroxy-3-methyl-trans-2-butenyl-amino ) purine ). The most commonly 
found cytokinin in plants today is zeatin (Figure 1.8). 

Cytokinins have been found in almost all higher plants, mosses, pathogenic 
and nonpathogenic fungi, bacteria, and also in the tRNA of numerous micro
organisms and animal cells. At the present time there are more then 200 natural 
and synthetic cytokinins (Matsubara 1990). 

Cytokinins are highest in meristematic regions and areas of continued 
growth potential including roots, young leaves, developing fruits, and seeds. 
They are thought to be synthesized in the roots and translocated to the shoots 
because there are many reports showing that cytokinins are found in the xylem 

Figure 1.S. Structural formula for zeatin (6-(hydroxy-3-methyl-trans-2-butenyl
amino ) purine ). 
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sap of plants. However, cytokinins are found in high levels in fruit and seed 
tissues suggesting that they may be synthesized there. 

There are many cytokinins found in plants, however, the genus, species, and 
other factors will determine which cytokinin is most effective in affecting a 
given response. The following are a list of biological responses which 
cytokinins have been shown to be involved in: cell division, organ formation, 
cell and organ enlargement, retardation of chlorophyll breakdown, chloroplast 
development, delay of senescence, stomatal opening and closing, bud and shoot 
development, and preferential translocation of nutrients and organic substances 
to cytokinin treated tissues. 

There are many synthetic cytokinins known today; however, three common 
examples are: kinetin (6-furfurylaminopurine), BA (6-benzylaminopurine), and 
BP A (6-(benzylamino ) -9-(2-tetrahydropyranyl) -9H-purine ). 

Abscisic Acid 

Abscisic acid (ABA) is a IS-carbon sesquiterpenoid which is partially 
produced in the chloroplasts and other plastids via the mevalonic acid pathway. 
It is a naturally occurring compound which is involved in many aspects of plant 
growth and development, some of which are inhibitory (growth) and some 
which are promotive (normal embryogenesis, seed storage proteins). See Figure 
1.9 for the structure of abscisic acid. 

Abscisic acid is widely distributed throughout the plant kingdom, it has been 
found in higher plants, mosses, green algae, fungi, and recently in rat brains, 
however, it has not yet been identified in bacteria. 

Abscisic acid is synthesized via the mevalonic pathway in the leaves 
(chloroplasts and other plastids) and this response is accentuated by stress. 

Abscisic acid acts as a signal that a plant is undergoing stress, however, it 
is also involved in normal physiological processes in plants. The following is 
a list of responses where ABA has been shown to have an effect: stomatal 
opening and closing, water stress signal, defense against salt stress and cold 
stress, normal embryogenesis, induction of seed storage proteins, dormancy, 
abscission, seed germination, growth, and geotropism. 

Figure 1.9. Structural formula for abscisic acid (ABA). 
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Rapid metabolism and photodestruction limit the usefulness of ABA. While it 
is important that synthetic derivatives of ABA are produced there are none 
commonly used at the present time, however, research is ongoing in this area. 

Ethylene 

Ethylene is a simple unsaturated hydrocarbon which promotes fruit ripening 
and causes a triple response in etiolated pea seedlings including inhibition of 
elongation, increased radial expansion, and horizontal growth of stems in re
sponse to gravity. 

Ethylene has the simplest structure of all known plant growth substances 
(see Figure 1.10). 

Figure 1.10. Structural formula for ethylene. 

Ethylene is produced in all higher plants, however, at the present time it is 
unclear as to its range of production among lower plants. Ethylene is produced 
from methionine by essentially all parts of higher plants; however, production 
varies with the type of tissue and the stage of development. 

Ethylene is involved in many physiological processes in plants from seed 
germination through senescence and death of the plant. The following are 
effects ethylene has been shown to be involved in: fruit ripening, dormancy, 
abscission, flowering, senescence, shoot, and root growth and apical domi
nance. 

2-chloroethylphosphoric acid (Ethephon, Ethrel) is a synthetic form of ethy
lene which in its liquid state at the proper pH does not yield ethylene; however, 
when the pH is elevated it breaks down to form ethylene. 

Brassinosteroids 

Brassins are crude lipoidal extracts from rape pollen causing swelling and 
splitting of bean second internodes. Brassinolide is a steroids which are the 
active component found in brassins causing swelling and splitting of bean 
second internodes. Brassinosteroids are a class of steroid compounds having 
activity similar to brassinolide in the bean second internode bioassay. For the 
structure of brassinolide see Figure 1.11. 

Brassinosteroids have been found in a wide range of plants including dicots, 
monocots, gymnosperms, and algae. Over 60 kinds of brassinosteroids have 
been found; however, 31 have been fully characterized including 29 free and 
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Figure 1.11. Structural formula for brassinolide (2a, 3a, 22a, 23a,-tetrahydroxy-24a
methyI-B-homo-7-oxa-5a-cholestan-6-one ). 

two conjugates. A sequential numerical suffix has been established for brass
inosteroids occurring in nature: BRI is used to designate brassinolide because 
it was the first discovered and so on. Among the naturally occurring brassino
steroids, brassinolide and castasterone are considered to be the most important 
brassinosteroids because of their wide distribution as well as their biological 
activity (Kim 1991). 

At the present time it is not clear where brassinosteroids are synthesized in 
plants; however, they have been detected in many parts of the plant such as 
pollen, leaves, flowers, seeds, shoots, galls, and stems, but not in plant roots. 
However, it is likely that future studies will show their presence in roots (Kim 
1991; Sasse 1991). 

Since the discovery of brassinolide, its biological activity has been evaluated 
in numerous test systems and has been shown to be involved in the following: 
enhanced resistance to chilling, disease, herbicides, and salt stress; increased 
crop yields, elongation, and seed germination; decreased fruit abortion and 
drop; antiecdysteroid activity; and inhibition of root growth and development 
(Cutler et al. 1991; Iwahori et al. 1990). 

24-epibrassinolide is an analogue of brassinolide which has potential use as 
a synthetic form of brassinolide because of its high biological activity and 
relatively easy preparation from brassicasterol (Ikekawa and Zhao 1991). 

Salicylates 

Salicylates are a class of compounds having activity similar to salicylic acid 
(ortho-hydroxybenzoic acid) which is a plant phenolic. Phenolics are defined 
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COOH 

OH 

Figure 1.12. Structural formula for salicylic acid (orthohydroxy benzoic acid). 

as substances that possess an aromatic ring bearing a hydroxyl group or its 
functional derivative (Figure 1.12). 

Salicylic acid has been found to be widely distributed within the plant 
kingdom, thus far it has been identified in more then 34 plant species. 

Salicylic acid has been identified in leaves and reproductive structures of 
plants, with the highest levels reported to date in the inflorescence of ther
mogenic plants and plants infected by necrotizing pathogens (Raskin 1992a, 
1992b). 

Salicylic acid has been shown to have an effect on a variety of plant processes; 
however, flowering, heat production in thermogenic plants, and promotion of 
disease resistance are processes where salicylic acid has its major effect. 

Aspirin (acetylsalicylic acid) acts in the same manner as salicylic acid 
because it is readily converted to salicylic acid in aqueous solutions in plant 
as well as animal systems. 

Jasmonates 

Jasmonates are a specific class of cyclopentanone compounds with activity 
similar to (- )-jasmonic acid and/or its methyl ester. See Figure 1.13 for the 
structure of jasmonates. 

Jasmonates have been detected in 206 plant species representing 150 fami
lies including ferns, mosses, and fungi suggesting that they are ubiquitously 
distributed throughout the plant kingdom (Meyer et al. 1984; Sembdner and 
Gross 1986; Sembdner and Parthier 1993). 

o 

Figure 1.13. Structural formula for jasmonic acid. 
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Although there is little known about jasmonate biosynthesis evidence has 
been presented that the stem apex, young leaves, immature fruits and root tips 
contain the highest levels of jasmonates (Sembdner and Parthier 1993). 

Jasmonates have been shown to elicit a wide variety of physiological re
sponses in plants. When jasmonic acid is exogenously applied to plants it 
promotes senescence, petiole abscission, root formation, tendril coiling, ethy
lene synthesis, and ~-carotene synthesis (Staswick 1992). In addition to its 
promotive effects, jasmonic acid has been shown to inhibit seed germination, 
callus growth, root growth, chlorophyll production and pollen germination 
(Anderson 1989; Parthier 1990; Vick and Zimmerman 1986). 

Jasmonic acid has also been shown to induce gene expression in many plant 
species. Proteins induced by jasmonic acid with a known function are vegetable 
storage proteins of soybean (Staswick 1990); wound-induced proteinase inhibi
tors of tomato and potato (Farmer and Ryan 1992), and seed storage proteins 
and oil body membrane proteins (oleosins) (Wilen et al. 1991). 

Endogenous jasmonic acid levels have been shown to increase in response 
to external stimuli such as wounding, mechanical forces, elicitors from patho
gen attack and osmotic stress (Sembdner and Parthier 1993). At the present 
time there are no synthetic forms of jasmonates commonly used. 
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CHAPTER 

2 
Methodology for the 
Extraction, 
Purification, and 
Determination of Plant 
Growth Substances 

Plant growth substances are involved in nearly all aspects of the plant's life 
cycle as deduced from the fact that exogenous applications by them profoundly 
affect plant responses. However, it is difficult to detect plant growth substances 
within the plant for numerous reasons. At the present time it is not known 
whether plant growth substances act at certain levels in a dose-dependent 
manner or if they remain constant, while changes in tissue sensitivity (recep
tors) are more closely related to a given response. Our knowledge in the area 
of plant growth substances is still quite limited and the major reason is that the 
techniques for their analysis are still very cumbersome. There are many 
methods for extracting, purifying, and quantifying plant growth substances; 
however, it is not the intent in this section to provide an exhaustive review of 
the literature in the area. This chapter is intended to be a basic outline of all 
steps from tissue preparation through final identification and quantification of 
plant growth substances. However, for detailed protocols see Rivier and Crozier 
(1987) and Hedden (1993). 

28 
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EXTRACTION METHODS 

Diffusion Method 

This method can only be used for fresh intact tissues or plant parts. When 
using this method the tissue is first dipped in a gelatin solution warmed to 300C 
to prevent moisture loss. In order to prevent inactivation of plant growth 
substances at the cut surface, butylated hydroxy toluene (BHT) (1-2%) is 
incorporated into the agar where the tips are inserted acting as an antioxidant. 
The tissue once placed on agar is put in a humid atmosphere from a few 
minutes to a few hours depending upon the type of tissue used (Figure 2.1). 

After a designated period of time the agar block can then be used for the 
desired bioassay. This is a very good method for evaluating relative plant 
growth substance levels in different plant parts. It must be noted that this 
procedure will only give a relative indication of what is present since other 
promoters or inhibitors at the cut surface can interfere with the bioassay being 
used. This is a poor method if the compound is to be analyzed chemically 
because plant growth substances are generally found in small amounts, thereby 
making separation and quantification a difficult process. 

Solvent Extraction 

Tissue Preparation. Tissue handling following harvest of plant samples is 
extremely important in order to minimize artifacts and loss of plant growth 
substances being extracted. It must be remembered that these compounds are 
found in plant tissues at extremely low levels, therefore, any loss due to 
enzymatic degradation or interconversion could lead to incorrect results. The 
most effective way to process samples following harvest is to immediately 
freeze the tissue in liquid nitrogen, freeze-dry and store at - 800C or lower 
under anhydrous conditions, this will minimize any potential problems. If it is 
not possible to process the tissue in this manner then modifications can be 
made, although any changes will reduce storage efficiency. 

Extraction. There are many procedures in the literature for the extraction 
of plant growth substances, some of which work better for a given compound 
in a specific tissue than others. Therefore, a general rule of thumb is to evaluate 
the different methods available and determine which is best suited for your 
particular situation. In this section some of the most commonly used methods 
will be summarized in general terms, for more details see Rivier and Crozier 
(1987) and Hedden (1993). 

There are a wide variety of solvents which can be used for the extraction 
of plant growth substances: methanol or ethanol can be used to extract IAA, 
ABA, GA, BR, cytokinins, SA, and JA; acetone can be used to extract IAA, 
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••• A • ..... AA .. 
A .. 

Tissue to be assayed 

Cut surface of the tissue placed on 
an agar plate containing an antioxidant 

Plant growth substance allowed 
to diffuse in a water saturated atmosphere 

Agar blocks can be used in desired bioassay 

Figure 2.1. Schematic representation for the diffusion method of extracting plant 
growth substances from fresh tissues. 



Chap. 2 Methodology for the Extraction, Purification 31 

ABA, and GA; isopropanol or chloroform can be used to extract BR; and the 
Bieleski medium (Bieleski 1964) which is a mixture of methanoVchloroform! 
90% formic acid/water (12:5:1:2 v/v) or perchloric acid (Laloue et al. 1974), 
can be used to extract cytokinins. 

The most commonly used extraction cocktail for all of the plant growth 
substances is 80% methanol plus an antioxidant such as butylated hy
droxytoluene (BHT). A Waring blender or Polytron homogenizer is commonly 
used to macerate the tissue in an excess of cold solvent. The sample is spiked 
with an internal standard to correct for losses encountered during extraction 
and subsequent purification steps. It is then filtered and the tissue reextracted 
to assure that maximum recovery has been achieved. Note that the number of 
extractions varies between tissues and other factors; therefore, the number 
required to remove the highest percentage of the plant growth substance being 
analyzed should be tested experimentally. The filtrates should be combined and 
reduced in vacuo (under vacuum) either to dryness or to an aqueous solution 
prior to solvent partitioning and/or purification using one or more of the 
procedures outlined in the next section. Following the removal of organic 
solvent from the extract a considerable amount of solid debris is often found 
in the aqueous phase, and following acidic partitioning this debris can dissolve 
in the organic phase, thereby contaminating it with unwanted compounds. By 
adding a simple filtration or centrifuge step to remove debris from the aqueous 
residue, it is possible to reduce the dry weight by up to 80%. It should be noted 
that following extraction the sample is very crude and contains promoters as 
well as inhibitors plus a lot of other contaminants. In many cases the extract 
may show no activity in a bioassay because the action of the plant growth 
substance may be completely masked by interfering compounds. 

PORIFICA nON OF EXTRACTS 

The first purification step following extraction of plant tissues has traditionally 
been solvent partitioning, which involves partitioning between an aqueous 
phase and an immiscible organic solvent (the specific solvent used will be 
determined by the plant growth substance being extracted, tissue used, and 
other factors) (Rivier and Crozier 1987). There are many variations on solvent 
partitioning procedures in the literature for plant growth substances. Instead of 
explaining the procedure in detail, an example for acidic plant growth substan
ces will be given (see Rivier and Crozier (1987) for more details). For acidic 
plant growth substances the pH of the water phase from the crude extract 
should be adjusted to approximately 2.5 and the solution placed into a separ
atory flask together with equal amounts of diethyl ether and shaken gently. The 
flask is allowed to stand for a few minutes to enable the phases to separate. H 
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an emulsion forms because shaking was too vigorous the separatory funnel 
should be placed in the freezer until separation of the two phases is complete. 
A portion of the acidic plant growth substances will then go from the water 
phase to the diethyl ether phase. The process is generally repeated about three 
or four more times to remove all of the acidic plant growth substances from 
the liquid phase; however, the number of times required to obtain maximum 
recovery should be evaluated experimentally. The liquid phase is then discarded 
and the diethyl ether phase taken to dryness in vacuo. Although solvent par
titioning has been used traditionally it is probably not the best in all cases, in 
fact, it is now being replaced with solid-liquid extraction procedures. The use 
of a solid phase packed into small disposable columns (Powell and Maybee 
1985) has led to rapid sample preparation, good recoveries and a requirement 
for small solvent volume. Procedures using these minicolumns have been 
developed for most of the plant growth substances (Hedden 1993), thereby 
providing an excellent alternative to solvent partitioning. Additional forms of 
purification which have successfully been used for the purification of plant 
growth substances are paper, thin layer, column, and gas-liquid and high
performance liquid chromatography. The chromatographic procedures previ
ously mentioned can, in some cases, be used alone in order to obtain sufficient 
purification for quantification, however, most commonly various combinations 
are required (Rivier and Crozier 1987; Hedden 1993). 

QUANTIACA TION OF PLANT GROWTH 
SUBSTANCES 

Following the extraction and purification of a given plant growth substance it 
must be quantified. Plant growth substances can be quantified with bioassays 
(Yopp et al. 1986), physiochemical methods (gas-liquid-chromatography or 
high-performance liquid chromatography), or immunological methods (en
zyme-linked immunosorbent assay (ELISA) or radioimmunoassays (RIA» 
(Rivier and Crozier 1987; Hedden 1993) each of which has advantages and 
disadvantages associated with it. It should be noted that it is extremely import
ant that a standard curve is run no matter which method is used; in fact, this 
step is commonly done before running a sample. It may sound like common 
sense, but it is a common mistake among researchers when starting in the 
quantification of plant growth substances. 

Bioassays 

A bioassay may be defined as a biological system used to test the activity 
of substance with respect to a physiological response. In order to be a useful 
bioassay the following criteria is necessary: 
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1. It must only be specific for the compound being assayed. 

2. It must be very sensitive in order to detect the small amounts of a given plant 
growth substance found in plant tissues. 

3. It must be quick and easy to obtain large amounts of uniform plant tissue. After 
the tissue is obtained the response to a specific plant growth substance must also 
be quick and easy. 

4. The chemical being assayed for or related compounds must be present at very 
low levels or absent from the plant material. 

There are numerous bioassay systems for each of the known plant growth 
substances; however, it is important to select the bioassay which suits your 
particular situation. Yopp et al. (1986) has divided bioassays into five major 
groups from a historical perspective as follows: 

1. Diagnostic bioassays: Bioassays of extreme specificity for use in the positive 
identification of a particular plant growth substance. 

2. Bioassays for determination of structure-activity relationships: Bioassays display
ing differences in sensitivity of response to structurally different members of the 
same class of plant growth substances. 

3. Detection and screening bioassays: Bioassays of great sensitivity and rapidity of 
response, coupled with adequate specificity, to allow their use in the detection of 
low concentrations of plant growth substances in fractions from various chromato
graphic methods. 

4. Total class activity bioassays: Bioassays of equal or nearly equal sensitivity to 
structurally diverse members of a class of plant growth substances to allow 
determination of total activity of that particular class in an extract. 

5. Simple requirement bioassays: Bioassays that require very little specialized equip
ment and space and employ low-cost, easily obtained plant material. 

In the following sections selected bioassays for auxins, gibberellins, 
cytokinins, abscisic acid, ethylene, and brassinosteroids will be discussed brie
fly; for more details on these bioassays and others see Yopp et al. (1986). 

Selected Auxin Bioassays 

1. Avena (oat) coleoptile curvature bioassay: The principle of this bioassay is the 
ability of auxin to promote curvature and it is based on elongation. This assay 
requires strict and rapid polar transport in the basipetal (tip to base) direction and 
little lateral diffusion. 

2. Nicotiana (tobacco) gene expression bioassay: This bioassay is based on the 
expression of a chimeric gene in transformed tobacco (Nicotiana tabacum) me
sophyU protoplasts in response to both auxins and cytokinins. Quantitation of each 
plant growth substance is based on a color reaction visualized by light (Boerjan 
et al. 1992). 
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3. Avena (oat) coleoptile segment straight growth bioassay: This bioassay is based 
on the ability of auxin to promote cell elongation. It is not as specific as the A vena 
curvature bioassay; however, it does not require polar transport of the compound 
being assayed. 

4. Phaseolus (bean) internode bioassay: This bioassay is based on the ability of 
auxin to promote curvature. It is probably the easiest of all curvature bioassays 
to use because it is not as sensitive to temperature and can be performed under 
ambient light conditions. 

5. Vigna (mung bean) adventitious root induction bioassay: This bioassay is based 
on the ability of auxin to stimulate adventitious roots on stem cuttings. 

Selected Gibberellin Bioassays 

1. Hordeum (barley) endosperm reducing sugar production bioassay: This bioassay 
is based on the ability of gibberellins to stimulate a-amylase activity which 
produces reducing sugars. 

2. Rumex (broad leaf dock) leaf bioassay: Based on the ability of gibberellins to 
delay senescence (yellowing) in broad-leaf dock. The parameter being assayed 
for quantification is chlorophyll. 

3. Laetuea (lettuce) hypocotyl bioassay: Based on the ability of gibberellins to 
promote elongation of lettuce hypocotyls. 

4. Dwarf Maize (com), Oryza (rice), and Pisum (pea) bioassays: This bioassay 
utilizes single-gene dwarf mutants and is based on the ability of gibberellins to 
promote shoot elongation. Note that these single recessive dwarfmg mutants 
segregate three tall to one dwarf; therefore, it is necessary to sow many seeds in 
order to have adequate plants for a given experiment. 

Selected Cytokinin Bioassays 

1. Nieotiana (tobacco) stem pith callus bioassay: In this bioassay when all of the 
requirements for callus production are provided, with the exception of cytokinin, 
there will be little or no callus growth. However, when cytokinins are added callus 
will grow rapidly and the resulting increase in weight is then used as an indicator 
of the amount of cytokinin provided. 

2. Nieotiana (tobacco) gene expression bioassay: This bioassay is based on the 
expression of a chimeric gene in transformed tobacco (Nieotiana tabaeum) me
sophyll protoplasts in response to both auxins and cytokinins. Quantitation of each 
plant growth substance is based on a color reaction visualized by light (BoeIjan 
et al. 1992). 

3. Raphanus (radish) cotyledon expansion bioassay: This bioassay is based on the 
ability of cytokinins to promote expansion of radish cotyledons. The amount of 
expansion is an indicator of the amount of cytokinin provided. 

4. Glycine (soybean) hypocotyl elongation bioassay: This bioassay is based on the 
ability of cytokinins to promote elongation. 
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5. Amaranthus (pigweed) dark betacyanin promotion bioassay: The red pigment 
betacyanin normally requires light in order to be produced. The principle of this 
bioassay is based on the ability of cytokinins to promote betacyanin production 
in dark-grown pigweed seedlings. 

Selected Abscisic Acid Bioassays 

1. Lactuca (lettuce) seed germination inhibition bioassay: This bioassay is based on 
the ability of ABA to inhibit lettuce seed germination by restricting hypocotyl 
and radicle extension growth. The degree of inhibition in seed germination is an 
indicator of the amount of ABA provided. 

2. Gossypium (cotton) petiole abscission bioassay: This bioassay is based on the 
ability of ABA to promote abscission in cotton. The greater the degree of abscis
sion, the higher the levels of ABA provided. 

3. Oryza (rice) seedling growth inhibition bioassay: This bioassay is based on the 
ability of ABA to inhibit growth of the leaf sheath. The reduction in length of 
the leaf sheath is proportional to the level of ABA provided. 

4. Commelina (dayflower) stomatal closure bioassay: The ability of ABA to promo
te stomatal closure is the principle of this bioassay. The amount and degree of 
stomatal closure is measured in order to evaluate the amount of ABA present in 
the sample. 

Selected Ethylene Bioassays 

1. Pisum (pea) etiolated stem inhibition, swelling and diageotropism induction 
(triple response) bioassay: The ability of ethylene to inhibit elongation and 
epicotyl hook opening and to promote horizontal growth is the principle of this 
bioassay. Each of the three responses can be used to quantify the level of ethylene 
present in a sample. 

2. Lycopersicon (tomato) leaf and stem epinasty induction: Epinasty is defined as 
downward bending of the petiole. The degree of petiole bending is proportional 
to the amount of ethylene contained within a sample. 

3. Fruit-ripening promotion bioassay: The principle of this bioassay is the ability to 
promote fruit ripening. The time it takes for a given fruit (tomato, banana, lemon, 
etc.) to ripen is proportional to the amount of ethylene present in a sample. 

4. Gossypium (cotton) debladded cotyledonary petiole abscission bioassay: This 
bioassay is based on the ability of ethylene to promote abscission. The degree of 
abscission is proportional to the amount of ethylene present in a sample. This is 
the same bioassay as for ABA. 

Selected Brassinosteroid Bioassays 

1. Phaseolus (bean) first internode bioassay: In this assay auxin is applied to one 
side of the internode resulting in bending following a lag period. BR reduces the 
lag period when applied one hour prior to auxin. When higher amounts of BR 
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are in a plant sample, IAA-induced curvature occurs more rapidly. Therefore, by 
comparing the degree of curvature between internodes treated with both BR plus 
IAA and the IAA control a quantitative estimate of the level of BR in a sample 
can be determined. 

2. Oryza (rice) lamina inclination bioassay: This bioassay is based on the ability of 
BR to promote bending of the leaf lamina. The degree of bending of the petiole 
is proportional to the amount of BR contained within a sample. 

3. Pisum (pea) inhibition test: At optimum concentrations, BR will induce elonga
tion and curvature. However, at supraoptimal concentrations, BR inhibits growth 
and promotes splitting of the tissue. The degree of reduction in elongation below 
control values is proportional to the amount of BR contained within a sample 
(Kohout et al. 1991). 

Physiochemical Assays 

The two most commonly used physiochemical assays used today for plant 
growth substances are high-performance liquid chromatography (HPLC) and 
capillary gas chromatography (GC). Since the introduction of capillary GC 
columns their superior resolving power has made gas chromatography the most 
commonly used method for the detection of plant growth substances. Today 
HPLC is only used with highly selective detectors or with highly purified 
samples. This section will provide some general information on physiochemical 
methods for the detection of plant growth substances, however, for more details 
in this area see the review by Hedden (1993). 

Gas Chromatography-Mass Spectrometry (GC-MS) Detection of Plant 
Growth Substances. Isotopic dilution GC-MS is considered by most to be the 
best method for the analysis of plant growth substances because of its relative 
simplicity and accuracy. This topic has been the subject of many reviews on 
its use for IAA and related compounds, ABA and its metabolites, gibberellins, 
cytokinins, brassinosteroids and jasmonates (papers cited in Hedden (1993». 
Unlike the detectors used for HPLC methods, GC detectors are usually destruc
tive and do not easily allow the recovery of a radioactively labeled internal 
standard. The development of mass spectrometric methods for measuring iso
tope dilution has overcome these problems and is now commonly used for the 
identification and quantification of all classes of plant growth substances with 
the exception of ethylene, since there are better methods available for this. 

Quantification of Ethylene. Ethylene is a gas, which makes it much easier 
to analyze then other plant growth substances. Since no extraction is necessary 
and there are generally very few contaminants, researchers are able to use 
simple gas chromatographic procedures utilizing a flame ionization detector. 
Recently, a highly sensitive on-line detection system using a photoacoustic 
laser detector has enabled ethylene to be quantified at levels much lower than 
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those with gas chromatography. However, at the present time this technology is 
not readily available, but shows promise in future research where continuous, 
nondestructive monitoring of ethylene is necessary (Hedden 1993). 

HPLC Detection of Plant Growth Substances. Although HPLC may not 
be the best method for the detection and quantification of plant growth sub
stances, there are specialized cases using specific detectors when they are used. 
Fluorimetric detection has been used to quantify IAA directly (Crozier et al. 
1980), whereas ABA and jasmonic acid must be converted to fluorescent 
hydrazones (Anderson 1986) and brassinosteroids to fluorescent bisboronates 
(Fujioka et al. 1988) prior to fluorimetric detection. Although this method is 
very sensitive and specific, it is very important that samples are highly purified 
prior to analysis. Electrochemical detection, both amperometric and coulomet
ric methods, has been described in the literature for IAA directly (Law and 
Hamilton 1982; Wright and Doherty 1985) and brassinosteroids following the 
conversion to bisferroceneboronates (Gamoh et al. 1990). Due to their limited 
application and the need to carefully maintain detectors to maximize sensitivity, 
the use of electrochemical detectors has not been common in the detection of 
plant growth substances. 

The potential use of liquid chromatography-mass spectrometry (LC-MS) to 
identify underivatized conjugates of gibberellins (Moritz et al. 1992) and IAA 
(Ostin et al. 1992) has been demonstrated. Although it has a great deal of 
potential the sensitivity of LC-MS is not as good as GC-MS. The technology 
in this area is developing very rapidly and major improvements in LC-MS 
sensitivity will probably be apparent in the near future (Hedden 1993). It is 
possible that with these improvements in technology someday it will be more 
commonly used than GC-MS because of the many other benefits associated 
with it. 

Immunological Assays. Immunoassays are currently very popular and 
have a lot of potential value in the plant sciences. The original claims that they 
would require minimal sample purification, thereby making analysis of large 
numbers of samples very rapid and inexpensive, have not yet become a reality. 
Interferences from samples are just as much of a problem as they are for 
physiochemical methods; in fact, in many cases it has been shown that an 
HPLC step was required to provide the purity to obtain consistent and compar
able results to physiochemical assays. Interferences in immunoassays can be 
specific leading to overestimates of antigen levels and other problems. There
fore, once a purification scheme has been established it is very important to 
validate the assay with another technique such as GC-MS. 

Immunoassays for plant growth substances which use polyclonal antiserum 
or monoclonal antibodies are described in the literature. Prior to defining 
polyclonal antiserum or monoclonal antibodies it is appropriate to define an 



38 Chap. 2 Methodology for the Extraction, Purification 

antibody, which is an immunoglobulin present in the serum of an animal and 
synthesized by plasma cells in response to invasion by an antigen, conferring 
immunity against later infection by the same antigen. With that definition in 
mind, polyclonal antiserum may be defined as a serum sample containing 
antibodies against a specific antigen. Since most antigens have large numbers 
of epitopes, an antiserum will contain many different antibodies against a given 
antigen, each antibody having been produced by a single clone of plasma cells. 
A monoclonal antibody is an immunoglobulin produced by a single clone of 
lymphocytes and recognizes only a single epitope on an antigen. A monoclonal 
antibody is produced in the laboratory by hybridoma cells which are immor
talized antibody-secreting cell lines created by fusing an antibody-secreting 
plasma cell (lymphocyte), producing the desired antibody, with a myeloma cell 
line (an immortal antibody-secreting tumor cell). The myeloma cell line used 
is typically a mutant that has lost the ability to produce its own antibodies, so 
that the resultant hybridoma cell line secretes only the desired antibody 
(Walker and Cox 1988). 

For plant growth substance analysis monoclonal antibodies have many ad
vantages over polyclonal antiserum. These advantages are as follows: 

1. They are homogeneous chemical reagents that can be renewed whenever needed. 
Once a useful hybrid is obtained, it is relatively simple and inexpensive to 
produce hundreds of milligrams of that antibody. 

2. One can select antibodies with respect to their degree of specificity, cross-reac
tivity, affinity, ability to immunoprecipitate and other physical properties to suit 
individual needs. 

3. Small amounts of antigen can be used to elicit a response. 

Therefore, if antibodies need to be made against a novel plant growth 
substance or a derivative of existing plant growth substances, it is not necessary 
to get large amounts of material. One of the only cases where it would not be 
feasible to use monoclonal antibodies is if they are not commercially available 
or when there is no access to an inexpensive centralized facility for their 
production. If a researcher does not have experience in the production of 
monoclonal antibodies it would be time-consuming, sometimes frustrating, and 
expensive without the proper equipment and expertise. There are two common
ly used immunological assays for the determination of plant growth substances: 
radioimmunoassay (RIA), which utilizes isotopes such as 1251, 3R, and 14C as 
a tracer and the enzyme-linked immunosorbent assay (ELISA), which utilizes 
enzymes such as alkaline phosphatase or horseradish peroxidase as a tracer. 
Initial studies in the use of immunological techniques for the detection of plant 
growth substances utilized RIAs, however, their requirement for radioactive 
tracers of high specific activity and scintillation counting was a serious disad-
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vantage in many laboratories. Therefore, since this time the use of ELISA has 
become more common because it requires less expensive equipment, does not 
require the use of radioactivity, and generally has a higher sensitivity. 

There are several RIAs which have been described in the literature for plant 
growth substances, such as ammonium sulphate precipitation, immunoprecipi
tation, and the use of dextran-coated charcoal. For ammonium sulphate or 
immunoprecipitation the sample plus a constant amount of radiolabeled plant 
growth substance and antibody are incubated for a designated period of time. 
After they have reacted, either ammonium sulphate or the appropriate antibody 
is added to separate the free and bound plant growth substance, and the bound 
form is precipitated. The supernatant is decanted off and the pellet is counted. 
Note: With decreasing amounts of radiolabeled plant growth substance in the 
pellet more of it is contained within the sample (Figure 2.2). The use of 
dextran-coated charcoal follows the same procedure as that used with the 
ammonium sulphate or immunoprecipitation procedure; however, the major 
difference is that this method removes free plant growth substances from the 
solution (and the amount which is found free in supernatant rather than the 
pellet is counted). Note: When using the dextran-coated charcoal method the 
less radiolabeled growth substance in the supernatant, the more is contained in 
the sample (Figure 2.2). 

There are numerous ways in which an ELISA may be run; however, two 
which are commonly used for plant growth substances will be described. The 
first is the immobilized antibody assay. With this assay the less color observed, 
the more plant growth substance is present in the sample. The procedure shown 
in Figure 2.3 is as follows: Rabbit antimouse IgG antibody is coated to the 
microtiter plate to saturate polystyrene surfaces. The plate is then washed three 
times with phosphate-buffered saline and specific mouse antibodies added. 
These antibodies will bind to the rabbit antibodies (at this stage the plates may 
be stored in the freezer) and following a designated period of time the plate 
will be washed. The sample or standard is then added together with the 
enzyme-labeled plant growth substance and allowed to react. The plate is then 
washed and substrate added, after a designated period of time the reaction may 
be stopped by adding KOH and absorbance read at 405 oM (Figure 2.3a). The 
immobilized antigen assay is another ELISA method which will be described. 
In this assay a plant growth substance protein conjugate is attached to the 
polystyrene plate and after a designated period of time the plate is washed (at 
this point the plate may be stored in the freezer) and the monoclonal antibody 
for the plant growth substance and the plant sample or standard are added. The 
plate is then washed and enzyme-labeled second antibody added. After a 
designated period of time the plate is washed and substrate added, the reaction 
is then stopped by adding KOH and absorbance read at 405 nM. If high 
amounts of a plant growth substance are present little or no antibody will attach 
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Figure 2.3. Schematic representation of an enzyme-linked immunosorbent assay 
(ELISA) using an immobilized antibody (a) and an immobilized antigen (b). 
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to the plate and no color will result after the addition of substrate; however, as 
the levels of plant growth substance are reduced there is an increase in color 
development (Figure 2.3b) (Wang 1986). 

Final Identification 

In order to definitively state that a specific plant growth substance has been 
assayed, a final identification of this compound is required for chromatographic 
methods not utilizing mass spectrometry as a detector and for immunological 
methods. When utilizing bioassays a final identification is not necessary be
cause plant growth substance-like compounds are being measured, not one 
specific form such as indole-3-acetic acid. Final identification is commonly 
accomplished using mass spectrometry either alone or in tandem with a GC or 
Le. This method provides conclusive proof that a specific compound being 
assayed is present in the sample by providing the equivalent of a fingerprint. 

CONCLUSIONS 

There are many ways in which plant growth substances can be analyzed 
depending on the question which the researcher needs to have answered. 
However, with any of the analytical techniques used it is very important to 
prepare the tissue properly prior to analysis, to achieve complete extraction, to 
purify the sample to a stage where there is no interference with the method 
being used, to maximize recovery through extraction and purification and to 
monitor this with the use of internal standards, and to provide final identifica
tion when necessary. 

There are many new analytical techniques which are currently emerging that 
will show great promise in the future. LC-MS for the analysis of plant growth 
substance conjugates will enable researchers to quantify these compounds reli
ably. The use of photoacoustic laser detectors for evaluating ethylene in plants 
should provide a wide range of new and interesting information. Properly 
validated immunoassays can be of considerable value because of their high 
sensitivity and convenience. Other practical advantages of immunological tech
niques are as follows: immunolocalization of plant growth substances, an 
alternative to bioassays, and use of anti-idiotypic antibodies to identify plant 
growth substance receptors. Following further developments in immunoaffinity 
chromatography will probably provide faster and more efficient purification 
methods for plant growth substances, thereby accelerating the number of 
samples which can be processed in a day. New sensitive bioassays utilizing 
recombinant DNA technology such as the one recently developed for auxins 
and cytokinins (Boerjan et al. 1992) show a great deal of promise as an 
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analytical technique. The sensitivity of older existing methods such as GC-MS 
are continually being improved to increase sensitivity and will continue to be 
used in the future. 
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CHAPTER 

3 
Chemistry, Biological 
Effects, and 
Mechanism of Action 
of Plant Growth 
Substances 

Dose-response curves for all of the known plant growth substances are bell
shaped, as shown in Figure 3.1. At lower concentrations the effects are typi
cally stimulatory reaching a maximum beyond which they become inhibitory. 
There are two general classes of hormones found in animal systems, steroid 
and peptide, both of which probably also occur in plant systems. The steroid 
class forms a hormone/receptor (defined as those molecules that specifically 
recognize and bind the hormone and, as a consequence of this recognition, can 
lead to other changes or series of changes which ultimately result in the 
biological response) complex in the cytoplasm, which is then transported into 
the nucleus where mRNA is synthesized, resulting in a given response (Figure 
3.2a). The second class are peptide hormones which bind to a receptor at the 
plasmamembrane, altering the enzyme adenylate cyclase and activating cyclic 
AMP from A TP, which acts as a secondary messenger for a given response 
(Figure 3.2b). In order for hormone binding in either class to be specific, the 
following criteria must be met (Cuatrecasas et al. 1977): 

4S 
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Figure 3.1. A typical dose-response curve for the known plant growth substances. 

1. There must be strict structural and steric specificity. 
2. The response must be saturable, thereby indicating a finite and limited number of 

binding sites. 

3. The response must be tissue-specific. 

4. The hormone must bind with a high affinity in order to show physiological 
relevance. 

S. Hormone binding must be reversible showing kinetics consistent with a physio
logical response observed and biological activity. 

Following the binding of a given hormone, a cascade of events takes place 
in transducing this signal. Today there is a considerable amount of excitment 
about how plant growth substances act as signals in the promotion of gene 
expression resulting in a biochemical and/or physiological response. However, 
we are still in the infancy stage of development in our understanding on how 
this occurs for all of the major classes of plant growth substances. In fact, we 
are still not sure whether it is a plant growth substance alone or various 
combinations which cause a given response. In addition, we still do not know 
if a given response occurs in a dose-dependent manner or in response to 
changes in tissue sensitivity (receptors). With that preface the chemistry, bio
logical effects, and proposed mechanism of action of each of the major classes 
of plant growth substances will be discussed. 
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Figure 3.2. Schematic representation of the mechanism of action of (a) steroid and 
(b) peptide hormones. 

AUXINS 

Biosynthesis of Indole-3-Acetic Acid 

Following the discovery of lAA, many indole compounds have been re
ported in plants; however, auxin activity of each of these can probably be 
attributed to their conversion to IAA. Some of these conversions are shown in 
Figure 3.3. Tryptophan is now generally accepted as the primary precursor for 



48 Chap. 3 Chemistry, Biological Effects, and Mechanism of Action 

~CHz-CHzOH 
~N)J 

H 

Indole-3-etbanol 

OJCHz -CH-COOH 
I I ~ 

N 
H 

TryptopbaD 

OorCHz -C-COOH 
I I 8 

N 
H 

Indole-3-pyruvlc add 

O::JCHz -C!~ 
H 

Indole-3-acetaIdehyde 

Glucohrassidn 

j-
O::JCHz -C IN 

H 

Indole-3-acetonitrlle 

~2H20 
Nitralase 

NH3 

O::JCHz -COOH 

H 

Indole-3-aceIic acid 

Figure 3.3. Indole-3-acetic acid (IAA) biosynthetic pathway. 
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the biosynthesis of IAA. After Tbimann (1935) showed that tryptophan could 
be converted to IAA in mold, Wildman et al. (1947) found an enzyme system 
capable of converting tryptophan to IAA in spinach leaves. Since this time 
many other researchers have demonstrated that tryptophan is the primary pre
cursor in higher plants. This pathway came under fire by researchers suggesting 
that bacterial contamination was responsible for the production of IAA (Libbert 
et al. 1966). However, it was then shown that tryptophan could be converted 
to IAA under sterile conditions by Muir and Lantican (1968) and has since 
been shown by many other researchers. There are two major pathways in which 
tryptophan may be converted to IAA of which one or both may function in a 
given plant species. The first pathway is via the conversion of tryptophan to 
indole-3-pyruvic acid by the enzyme tryptophan transaminase; it is then decarb
oxylated by indolepyruvate decarboxylase to indole-3-acetaldehyde (IAAld), 
which is subsequently converted to IAA via indoleacetaldehyde dehydrogenase. 
The second pathway involves the decarboxylation of tryptophan to tryptamine 
by tryptophan decarboxylase, which is then converted to IAAld by amine 
oxidase and finally to IAA by IAAld dehydrogenase. It has been reported that 
in some plant systems other precursors can be used. For example, in cucumber 
seedlings indole-3-ethanol has been identified and when exogenously applied 
can readily be converted to IAAld via indole ethanol oxidase (Rayle and Purves 
1967). Members of the Cruciferae or Brassicaceae contain the natural product 
glucobrassicin which is cOnverted to indole-3-acetonitrile via myrosinase 
(Gmelin and Virtanen 1961) and finally to IAA by nitralase (Tbimann and 
Mahadevan 1958) (Figure 3.3). Although other systems exist in different 
plants, thus far most of the plants tested utilize tryptophan and only a limited 
number utilize alternative systems. For more details on the biosynthesis of IAA 
in higher plants see Cohen and Bialek (1984). 

Free versus Bound Auxins 

There are two categories of auxins in plants free and bound. Free auxins can 
readily diffuse out of the tissue, are easily extracted with various solvents, and 
can be immediately used to regulate physiological processes in plants. 
Examples are indole-3-acetaldehyde, indole-3-acetonitrile, indole-3-ethanol, or 
indole-3-pyruvic acid. Whereas bound auxins are not readily available and are 
only made available after they are subjected to hydrolysis (chemical splitting 
of a bond and adding a water, can be by acid or base), enzymolysis (enzymatic 
breakdown) or autolysis (self-digestion). Bound auxins typically serve as re
serve or storage (glucosides) and detoxification (amino acid or protein com
plexes) forms of auxin. Examples of reserve forms of IAA are IAA glucosides 
which are abundant in seeds and are inactive until IAA is released naturally by 
enzymolysis (Zenk 1961). Detoxification forms of IAA include amino acid and 
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Figure 3.4. Inactivation of indole-3-acetic acid though conjugation into inactive forms. 

protein complexes which can only be liberated to free IAA by acid or base 
hydrolysis (Figure 3.4) (Andreae and Good 1957; Andreae and van Ysselstein 
1960). Synthetic auxins such as 2,4-dichlorophenoxyacetic acid (2,4-D) can 
also be converted to amino acid or glucoside derivatives but at a much slower 
rate (Zenk 1962,1968). For more information on bound versus free auxins see 
Cohen and Bialek (1984). 

Destruction of IAA 

The presence or absence of auxin has a profound effect on plant growth and 
development. In addition to reversible and irreversible bound auxins which 
occur within the plant, enzymatic oxidation and photooxidation are two other 
means of destruction or inactivation of IAA. Enzymatic oxidation of IAA was 
first shown by Tang and Bonner (1947). They isolated IAA oxidase, which is 
involved in the oxidation of IAA in pea epicotyls. This enzyme system has 
since been shown to be ubiquitous in the plant kingdom. The main product 
formed by the oxidative decarboxylation pathway is 3-methylene-oxindole; 
however, others such as 3-hydroxymethyl oxindole, indole-3-methanol, indole-
3-aldehyde, and indole-3-carboxylic acid have also been shown to occur (Ban
durski et al. 1986). The nondecarboxylation oxidative pathway for IAA results 
in oxindole-3-acetic acid as the major product; however, dioxindole-3-acetic 
acid has also been reported in some plant species (Reinecke and Bandurski 
1987). Photooxidation of IAA is a very different reaction from enzymatic 
oxidation and at the present time does not appear to have physiological signifi
cance because very large light dosages are required and the process does not 
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appear to be related to phototropism or other physiological phenomena. For 
more details on the metabolism of IAA see Bandurski (1984). 

Synthetic Auxins 

There are many synthetic auxins commercially available today that are used 
for many purposes. Synthetic auxins are compounds which are similar in 
activity but not in structure to IAA and may be broken down into six groups 
(Figure 3.5): 

1. Indole derivatives-indole-3-acetic acid (IAA), indole-3-butyric acid (ffiA). 

2. Benzoic acids--2,3,6-trichlorobenzoic acid; 2-methoxy-3,6-dichlorobenzoic acid 
(Dicamba). 

3. Naphthalene acids-a and p-naphthaleneacetic acid (a and P-NAA). 

4. Chlorophenoxyacetic acids--2,4,5-trichlorophenoxy acetic acid (2,4,5-T), 2,4-
dichlorophenoxyacetic acid (2,4-D). 

5. Naphthoxyacetic acids-a and p-napthoxyacetic acid (a and P-NOA). 

6. Picolinic acids--4-amino-3,5,6-trichloropicolinic acid (Tordon or Pichloram). 

Both chlorophenoxyacetic acids and picolinic acids are herbicides common
ly used in modem agriculture. Zimmerman and Hitchcock (1942) discovered 
that the substitution of various groups on the ring or side chain had a profound 
effect on auxin activity of phenoxy acids. Due to their selectivity, the 
phenoxyacetic acids particularly, 2,4-D and 2,4,5-T have been widely used as 
broad-leaf herbicides for many years. They Were developed because of their 
potential usefulness for chemical warfare. The phenoxyacetic acid compounds 
are very stable. In fact, most broad-leaf dicots cannot break down these com
pounds; therefore, very low concentrations can be used. Many plants have the 
enzyme IAA oxidase which normally causes the breakdown of IAA; however, 
it does not have the ability to break down 2,4-D or 2,4,S-T. The most com
monly used formulations of 2,4-D and 2,4,5-T are free acids, salts, and amine 
salts. It should be noted that free acids are very volatile and present a large 
drift problem. Agent Orange, which was used as a defoliant in Vietnam, is a 
mixture of free 2,4-D and the n-butyl ester of 2,4,5-T. Since they are both very 
volatile, maximum drift could be obtained, which is a problem in agriculture 
but in Vietnam served as an excellent defoliant. During the synthesis of 2,4,5-T 
and other chlorinated phenols numerous side products were generated such as 
chlorodioxins which are very harmful to humans, one of which is 2,3,8,9-
tetrachlorodibenzo-para-dioxin (Figure 3.6). Since the use of chlorinated hy
drocarbons in Vietnam many years ago, procedures to avoid the production of 
harmful by-products have been developed and are currently being used today. 
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Figure 3.6. Structural formula for dioxin (2,3,8,9-tetrachlorodibenzo-p-dioxin). 

Physiological Effects of IAA 

Auxins have many physiological effects in plant systems; however, covering 
all auxin-mediated responses is beyond the scope of this book. Therefore, in 
this section a brief description of the following auxin responses will be pres
ented: cellular elongation, phototropism, geotropism, apical dominance, root 
intitiation, ethylene production, and fruit development. 

Cellular Elongation. Many studies in this area have been with coleoptiles 
or excised root. tissues. These tissues have little. IAA and when placed in 
contact with exogenous IAA there is a large increase in growth. The steps 
involved in cell elongation in response to auxin may be summarized as follows: 

1. There is first a decrease in resistance of the cell wall to stretching. This occurs 
due to the breaking of noncovalent bonds between xyloglucans and cellulose in 
the cell wall. 

2. There is a change in the water relations within the cell. Even though the osmotic 
potential in the cell does not change, the water potential in the auxin-treated cell 
becomes more negative due to a reduction in pressure potential. 

3. The decrease in water potential allows water to move into the cell and exerts 
pressure outward on a plastic cell wall resulting in elongation. 

4. When elongation is complete noncovalant linkages between cellulose and poly
saccharides reform. This process is not reversible. 

There are many mechanisms proposed on how cell-wall loosening occurs 
(Ray 1987) many of which have been rejected. The most popular mechanism, 
which has been around for some time, is the acid-growth hypothesis. This 
theory states that auxins cause receptive cells in coleoptile or stem sections to 
secrete hydrogen ions into the surrounding primary walls, which, in turn, lowers 
the pH and causes cell-wall loosening and fast growth to occur. The low pH 
presumably activates certain cell-wall-degrading enzymes which are normally 
inactive at a higher pH (Cleland 1987). 

Phototropism. The definition of phototropism is the movement of a plant 
organ in response to directional fluxes or gradients in light. The Cholodny
Went theory on phototropism suggests that light from one side causes the 
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transport of auxin toward the shaded side, thereby causing a higher concentra
tion of auxin on the shaded side than on the illuminated side (Figure 3.7). The 
unequal distribution of auxin is thought to cause the bending response observed 
in stems; however, when lateral movement of auxin was blocked there was no 
difference observed. This theory continues to be a highly debated topic, there
fore, for more details in this area see a review by Briggs and Baskin (1988). 

Geotropism. The definition of geotropism is the movement of a plant 
organ in response to gravity. If a plant is placed horizontally the shoots will 
bend upward against gravity (negative geotropism), whereas roots will bend 
downward along with the force of gravity (positive geotropism). It is thought 
that plant roots and shoots perceive these changes in gravity by statoliths, 
which are starch-containing plastids such as amyloplasts or chloroplasts (Hab
erlandt 1902; Nemec 1901). The cells which contain statoliths (Greek lithos, 
meaning stone) are called statocytes. A statolith is a body that changes position 
in the cell as a direct consequence of the change of an organ with reference to 
the direction of the force of gravity. Although proposed many years ago, the 
statolith theory is still debated by researchers today as to whether it is correct 
or incorrect. 

The Cholodny-Went theory on geotropism suggests that stems and roots in 
response to gravity accumulate 1AA on the lower side. In the stems 1AA 
promotes growth on the bottom side of the stem resulting in upward bending. 
It has been shown that when the root tip is removed the ability of the root to 
respond to gravity is lost, and when the root tip is replaced geotropism is 
regained. Initial studies in the 1970s suggested that an inhibitor such as ABA 
was coming from the root tip causing the inhibition of growth on the bottom 
side of the root and promoting downward bending. It is now apparent that 1AA 
is that inhibitor because it can inhibit root growth at concentrations 100 to 1000 
times lower than ABA. Today, it is generally accepted that since the roots are 
much more sensitive to 1AA than the shoots its accumulation on the lower side 
of the root in response to gravity will inhibit growth in that region while normal 
growth continues on the top resulting in downward bending (Figure 3.8) 
(Evans 1985). 

Apical Dominance. Long before regulation of growth by plant growth 
substances was known, botanists recognized that the apical bud causes lateral 
bud suppression. Initial experiments showed that when the apical bud was 
removed lateral buds grew; however, with time one of the lateral buds became 
dominant, suppressing subsequent growth of lateral buds. Following the dis
covery of auxin it was shown that relatively high levels were contained in shoot 
tips. Thimann and Skoog (1934) were the first to present evidence that auxin 
suppressed lateral bud growth in much the same manner as did the apical bud. 
Since this time many other researchers have shown this effect in other plants. 
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Figure 3.8. Auxin movement and root growth patterns as affected by gravity (From 
Salisbury and Ross (1992». 

Apical dominance has since been shown to be widespread in plants and to be 
controlled by plant growth substances (Hillman 1984; Tamas 1987). 

Root Initiation and Elongation. Julius von Sachs (1880) was the first to 
suggest that young leaves and active buds had a transmissible plant growth 
substance which promoted root initiation. Since this time IAA has been shown 
to stimulate root initiation from stem cuttings, thereby demonstrating a practical 
use for auxins. Synthetic auxins are generally used instead of the naturally 
occurring IAA because they are not destroyed by IAA oxidase or other en
zymes and will persist in the tissue for longer periods of time. Exogenous 
applications of auxins can promote root initiation and early development of the 
root, whereas elongation of the root is generally inhibited unless concentrations 
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are sufficiently low (Wightman et al. 1980). Since auxin has been shown to 
stimulate ethylene production in a variety of tissues it was thought for many 
years that inhibition of growth by IAA was due to its ability to stimulate 
ethylene. It was recently shown that IAA can inhibit elongation of attached 
roots of pea seedlings without any effect on ethylene production (Eliasson et 
al. 1989). 

Ethylene Production. Zimmerman and Wilcoxon (1935) were the first to 
show that auxin stimulated ethylene evolution by tomato plants. Since this time 
there have been many reports on the ability of auxins to stimulate ethylene 
production in both intact and detached plant part systems (Arteca 1990). Today 
many of the responses which were once attributed to auxins are now found to 
be due to ethylene production. 

Fruit Growth. Increases in fruit size are mainly due to cell enlargement. 
Auxins are known to be involved in cell extension and are thought to play a 
fundamental role in determining growth patterns in fruits. The potential role of 
auxins in fruit growth are supported by two lines of evidence. First there is a 
correlation between seed development and final size and shape of the fruit. 
Second, application of auxin to certain fruits at particular stages of their 
development induces a growth response (Crane 1949). One of the best 
examples of auxin involvement in size and shape of fruit is with the strawberry 
where it has been shown that the endosperm and embryo in the achene produce 
auxin, which moves out and stimulates growth (Nitsch 1950). The location of 
the achenes on the fruit has a great effect on its shape. In a strawberry the 
achenes are located outside the fleshy receptacle and are easy to manipulate. 
When all of the achenes are removed from the fruit there is no growth; 
however, if they are all removed and auxin is applied to the surface of the 
receptacle there is normal growth. When only several achenes are left on the 
receptacle, growth will occur directly below the achene (Nitsch 1950). 

Auxin Transport 

Early experiments by Went (1934) and others suggested that auxin move
ment in the plant was strictly polar, moving basipetally (movement from the 
tip to the base). Now although basipetal transport appears to predominate in 
coleoptiles and shoots it is probably not as strict as once thought. Jacobs (1961) 
tested the transport of auxin in coleus stem sections. He found that the ratio of 
basipetal to acropetal (movement from base to tip) transport was 3 to 1. 
Although acropetal transport is 1/3 that of basipetal transport in this test system 
it is real and significant. Transport of IAA in stems is mainly basipetal at a 
rate of 6-26 mmlhour. In the roots IAA transport is mainly due to basipetal 
movement from the root tip to the physiological base of the plant but at a rate 
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Figure 3.9. Structural formula for the auxin transport inhibitor TIBA (2,3,S-triiodoben
zoic acid). 

of 1-2 mm/hour. Danielli (1954) established the following criteria for an active 
transport system which is as follows: 

1. The compound should move at a velocity greater than diffusion. This is true for 
auxin since it moves 6-26 mm/hour. 

2. Movement of the compound should be driven by metabolic forces. This is also 
true for auxin transport because metabolic inhibitors and anaerobic conditions 
block auxin transport. 

3. The compound should be able to move against a concentration gradient. Auxins 
can move very rapidly against concentration gradients in a basipetal direction. 

4. The transport system should show specificity for a certain compound. lAA and 
a-NOA are both active and transported at the same velocity, whereas, 13-NOA is 
inactive and not transported. The transport system for auxin can also discriminate 
between optical isomers of indole-a-propionic acid. The plus form is more active 
and is transported better than the minus form. Specific inhibitors of auxin trans
port such as 2,3,S-triiodobenzoic acid (Figure 3.9) mimic auxin and therefore 
block its transport. 

S. The compound being transported should show a saturation effect, when all trans
port sites are saturated the addition of more plant growth substance should have 
no effect. Auxin transport has been shown to be saturable in many test systems. 

Transport of IAA can be experimentally shown by excising a segment of 
plant tissue and placing an agar block containing IAA on the top portion and 
an agar block minus IAA on the bottom of the segment. If the segment is 
placed in its natural orientation transport will occur, however, when placed in 
the opposite orientation there will be no transport. Transport can be measured 
in two ways: One way is to run bioassays on the bottom block over time 
following the addition of IAA to the top. The second way which is more 
accurate utilizes 14C_ or 3H-Iabeled IAA in the upper block followed by a 
chromatographic step and scintillation counting to evaluate how much of the 
IAA has been transported to the bottom block (Figure 3.10). 

The chemiosmotic hypothesis of polar transport is very popular (Figure 
3.11) (Rubery and Sheldrake 1974; Raven 1975). This hypothesis states that 
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Figure 3.11. Schematic representation of the chemiosmotic hypothesis of auxin trans
port. 
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the cell expends energy to maintain a pH gradient across the plasma membrane 
with the cell wall being more acidic than the cytoplasm. At an acidic pH native 
auxin will be undissociated (IAAH) and can readily enter the cell by diffusion. 
Once in the cytoplasm auxin dissociates to IAA - which cannot diffuse out of 
the cell. As the IAA - concentration in the cell increases, movement of IAA 
out of the cell is thermodynamically favored via a specific IAA - carrier 
located at the base of the cell. Jacobs and Gilbert (1983) using indirect 
immunofluorescence along with monoclonal antibodies provided direct evi
dence for the location of the presumptive auxin anion carrier in pea tissue. They 
showed that the carrier was locat~ in the plasma membrane at the basal ends 
of the parenchyma cells sheathing the vascular bundles. This research is the 
first direct evidence for an auxin transport carrier in pea stem cells. 

GIBBERELUNS 

Biosynthesis of Gibberellins 

Gibberellins belong to a large group of naturally occurring compounds 
called terpenoids (e.g., carotinoids). Terpenoids are built from five carbon 
isoprene units, the immediate precursor to gibberellins is a diterpene which 
contains four isoprene units. The mevalonic acid pathway is used for the 
biosynthesis of gibberellins. Each of the steps in this pathway up to GA12 

aldehyde are the same in all plants; however, from this point on different 
species use different pathways to form the more than 90 gibberellins known 
today (Figure 3.12). Once produced there are a number of interconversions 
between gtbberellins which can take place depending on the plant. There is also 
evidence that bound, gibberellins exist as glucosides; however, it is still not 
clear whether they are for inactivation or as a storage source. Young leaves are 
thought to be the major site of gibberellin biosynthesis, which can subsequently 
be transported throughout the plant in a nonpolar fashion. Roots also have the 
ability to synthesize gibberellins which are transported to the shoots via the 
xylem sap. High levels of gibberellins have been found in immature seeds, and 
cell-free extracts from seeds possess the ability to synthesize gibberellins which 
are not transported out of the seeds (Takahashi et al. 1991). 

There are a number of commercially available growth retardants which are 
currently used for height control by inhibiting GA biosynthesis (Davis and 
Curry 1991). Onium compounds (Phosphon D, AMO-1618, Cycocel, 
mepiquate chloride, piperidium bromide), pyrimidine compounds (ancymidol, 
flurprimidol), triazole compounds (paclobutrazol, uniconazole, triapenthenol, 
BAS 111, Lab 150), tetcyclacis, prohexadione calcium, and inabenfide have 
been used to inhibit gibberellin biosynthesis (Grossmann 1990; Davis and 
Curry 1991). 
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Figure 3.12. Mevalonic acid pathway for the biosynthesis of gibbereUins, cytokinins, 
and abscisic acid. 



Chap. 3 Chemistry, Biological Effects, and Mechanism of Action 63 

Physiological Effects of Gibberellins 

In this section a general outline of the major physiological processes affected 
by gibberellins including growth of intact plants, genetic dwarfism, bolting! 
flowering, mobilization of storage compounds, effects on seed germination, and 
dormancy will be discussed; however, for more details see Takahashi et a!. 
(1991). 

Effects on Growth of Intact Plants. There are numerous reports in the 
literature showing that gibberellins promote growth of intact plants. All of the 
more than 90 gibberellins known today are able to promote either stem elon
gation, cell division, or both, but their effectiveness varies greatly. The dif
ferences in a plant's responsiveness to a chemical depends on many factors and 
it is not uncommon for one gibberellin to be more active in one plant system 
then another. As shown in Figure 3.13, different gibberellins have varying 
degrees of effectiveness on lettuce hypocotyl elongation (Rai and Laloraya 
1967). Another example is the cucumber hypocotyl bioassay which is less 
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0 0.1 1.0 10.0 

Gibberellin (ppm) 

Figure 3.13. The effectiveness of different gibberellins on lettuce bypocotyl elongation 
(From Rai and Laloraya (1967». 
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responsive to gibberellins having hydroxyl groups in the 7 position such as GA3 
(Yopp et al. 1986). In general, growth is promoted by gibberellins in many 
plant species, especially dwarfs and biennials in the rosette stage. Typically 
gibberellins stimulate growth in intact plants more effectively than in excised 
sections, which is very different from auxins. 

Genetic Dwarfism. There are many gibberellin biosynthesis mutants which 
have been developed over the years (Reid 1990). They are single gene muta
tions, the plants are generally about one-fifth the size of normal plants and they 
are characterized by shortened internode length. When gibberellins are 
exogenously applied to these mutants there is a striking increase in size making 
them similar in appearence to their normal counterparts. There are also gib
berellin sensitivity mutants which do not respond to exogenously applied gib
berellins and contain levels similar to their normal counterparts while still 
remaining dwarfs (Reid 1990; Scott 1990). Speculation on why this occurs is 
that there may be an excess of natural inhibitors contained within the plant or 
they are receptor mutants which prevents their growth in response to gibberel
lins. 

Bolting and Flowering. Gibberellins have been shown to be involved in 
the promotion of flowering in a wide range of higher plants and they have been 
the subject of numerous reviews (Takahashi et al. 1991). In rosette plants their 
leaf development is profuse and internode elongation is retarded; however, just 
prior to the reproductive stage of development the stem elongates five to six 
times the original height of the plant. Plants with a rosette growth habit require 
long days or cold treatment prior to flowering. If gibberellins are applied to 
rosette plants under noninductive conditions they will typically promote bolting 
and flowering. The involvement of gibberellins in the promotion of flowering 
came under some controversy when it was reported that the use of smaller 
dosages of GA induced bolting without flowering. This led some to believe 
that gibberellins had an indirect effect on flowering (Stuart and Cathey 1961). 
Gibberellins have since been shown to be implicated in flowering of a wide 
range of plants, not only in the bolting response (Takahashi et al. 1991). The 
influence of gibberellins on bolting includes a stimulation of cell division and 
cell elongation. In general GA promotes cell division and cell elongation in the 
subapical region of the plant. Plant growth retardants which block gibberellin 
biosynthesis cause an inhibition of cell division in the subapical meristem 
region and induces lateral expansion of the apex (Sachs and Kofranek 1963). 

Mobilization of Storage Compounds, Effects on Seed Germination, and 
Dormancy. Independent research by Yomo (1960) and Paleg (1960 a, 
1960b) showed that gibberellic acid stimulated a-amylase and other hydrolytic 
enzymes promoting hydrolysis of storage reserves. Later it was shown that the 
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seed coat 

starchy endosperm 

aleurone layer --~ ...... 

~~-embryo 

a-Amylase synthesized in aleurone layer. 

ReduciDg sugars are used 
by the growing embryo. 

Figure 3.14. Schematic representation of the production of gibberellins in barley seeds 
and subsequent transport to the aleurone layer of cells, where it stimulates a-amylase 
which causes the conversion of starch to sugar for energy to be used for growth. 
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aleurone layer was responsible for producing a-amylase in response to gibberel
lin and this enzyme was secreted into the endosperm causing a conversion of 
starch to sugar (Varner 1964; Paleg 1965). It is thought that gibberellins 
promote growth by increasing plasticity of the cell wall followed by the 
hydrolysis of starch to sugar which reduces the water potential in the cell, 
resulting in the entry of water into the cell causing elongation. Filner and 
Varner (1967) showed that a-amylase produced in response to GA3 was due to 
de novo synthesis through the use of density labeling of proteins. Since this 
time the mechanism by which GA3 promotes hydrolysis of starch has been 
studied extensively (Figure 3.14). The basic steps involved are as follows: GA 
is produced in the embryo transferred to the aleurone layer of cells where 
a-amylase is produced via de novo synthesis, which promotes the conversion of 
starch to sugar and is used for growth of the seedling. Mobilization of endos
perm starch in cereals which are initiated by GA-induced a-amylase can be 
inhibited at the transcriptional level by ABA (Davies and Jones 1991). In 
addition to a-amylase there are many other hydrolytic enzymes which are 
produced in response to GA3 (Brown and Ho 1986). Gibberellins have also 
been shown to mimic the effect of red light in the stimulation of lettuce seed 
germination and to substitute for low temperatures or long days in order to 
break dormancy. It is now generally accepted that gibberellins are potent 
promoters of seed germination and possess the ability to break dormancy in a 
variety of crops (Takahashi et al. 1991). 

CYTOKININS 

Biosynthesis of Cytokinins 

It is known that the initial steps of the mevalonic acid pathway up to the 
isopentenyl pyrophosphate step are involved in the production of cytokinins 
(Figure 3.12). At this step isopentenyl pyrophosphate together with AMP 
produces isopentenyl AMP, which is converted to isopentenyl adenosine fol
lowed by a series of steps to produce cytokinins. Information on the biosynth
esis of cytokinins is incomplete and additional work is in progress to better 
understand the biosynthesis of cytokinins in higher plants (Kaminek et al. 1992; 
Mok and Mok 1994). 

Bound versus Free and Degradation of Cytokinins 

Examples of free cytokinins are zeatin and isopentenyladenine. There are 
also conjugated forms of cytokinins which can be produced in the following 
ways. Glucosides can be formed by the attachment of carbon 1 of glucose to 
the hydroxyl group on the side chain of zeatin or the carbon 1 can attach to 
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the N atom of the C-N bond at either position 7 or 9 on the adenine ring. 
Another alternative is to form an alanine conjugate at position 9. The glucoside 
conjugates may represent storage forms or in some cases facilitate transport of 
certain cytokinins, whereas alanine conjugates are more likely to be irreversibly 
formed products which can serve as a detoxification mechanism in the plant. 
Degradation of cytokinins occurs largely by cytokinin oxidase, this enzyme 
removes the five carbon side chain and releases free adenine from zeatin and 
free adenosine from zeatin riboside (Kaminek et al. 1992; Mok and Mok 1994). 

Physiological Effects of Cytokinins 

CeU Division and Organ Formation. The major function of cytokinins in 
plants is to promote cell division. Jablonski and Skoog (1954) noted that 
tobacco stem pith callus grew in response to kinetin or IAA alone, however, for 
continued growth of the pith tissue in culture both kinetin and IAA had to be 
present in the culture. The explanation for this is that initially endogenous 
(occur within the plant) IAA or cytokinin may interact with exogenous (ap
plied externally) applications of IAA or cytokinin, however, with time en
dogenous levels are depleted and no further growth occurs. It is now known 
that by manipUlating the ratio of IAA to cytokinin one can obtain callus, roots, 
and/or shoots. The ability to regenerate plants from calli is a biotechnological 
tool commonly used today for the selection of plants with resistance to drought, 
salt stress, pathogens, herbicides, and others. 

Seed Germination, Cell and Organ Enlargement. Kinetin has been shown 
to overcome the inhibitory effect which far-red light has on lettuce seed 
germination (Miller 1956). In general cytokinins are thought of as cell-divi
sion-promoting substances; however, there are specific instances where 
cytokinins also have effects on cell enlargement. Cytokinins have been shown 
to promote cell enlargement of excised cotyledons from radish, pumpkin, 
cocklebur, flax, and other dicotyledonous plants. When the cotyledons are 
detached from the plant they are removed from their natural cytokinin source 
(Yopp et al. 1986); however, when exogenous applications of cytokinins are 
made they promote cell expansion. The enlargement of the cells is due to water 
uptake caused by a decrease in the osmotic potential of the cell promoted by 
the conversion of lipids (which serve as the storage material in cotyledons) to 
reducing sugars (glucose and fructose). Cytokinins have also been shown to be 
involved in phytochrome-mediated cell expansion in bean leaf discs by substi
tuting for red light (Miller 1956). 

Root Initiation and Growth. There are a limited number of studies on 
cytokinin effects in the root system. It appears that depending upon the con
centration and particular plant, cytokinins can either promote and/or inhibit root 
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initiation and development. It has been shown that kinetin can stimulate dry 
weight and elongation of roots in Lupin seedlings, whereas at higher concen
trations both were inhibited (Fries 1960). Lateral pea root development in 
excised root segments is stimulated by low concentrations of kinetin, whereas 
higher concentrations inhibited elongation and lateral branching (Torrey 1962). 
More recently Dong and Arteca (1982) showed that when kinetin was applied 
to the roots at very low concentration there was a stimulation in photosynthesis 
and growth; however, if roots were in contact with 0.47 ~ kinetin for longer 
than two days, growth of the roots and the entire plant were severely reduced. 

Bud and Shoot De"elopment. Cytokinins were shown by Wickson and 
Thimann (1958) to promote lateral bud break in pea stem sections and to 
partially overcome apical dominance. More recently, using genetic engineering 
techniques, cytokinin levels were increased in tobacco and Arabidopsis plants 
by Medford et al. (1989). In this study a bacterial gene encoding isopentenyl 
AMP synthase (an enzyme responsible for cytokinin production) together with 
a heat shock promoter was inserted into the genome of tobacco and Arabidopsis 
plants. This new gene was turned on by subjecting the transgenic plants to 
400-45°C for short periods, which resulted in an increase in zeatin riboside 
monophosphate, zeatin riboside, and zeatin of 23, 46, and 80 times, respective
ly. The transgenic plants which were overproducing cytokinins exhibited 
multiple lateral bud breaks and an overall lack of apical dominance. Another 
example of genetic engineering to overcome apical dominance was to insert a 
gene encoding for an enzyme which is responsible for converting free IAA into 
an inactive amino acid conjugate. By incorporating this gene the levels of free 
IAA were reduced, thereby promoting lateral bud break (Klee et al. 1991). 
Apical dominance appears to be controlled by a balance between endogenous 
cytokinin and auxin levels. Two hypotheses on how cytokinins are involved in 
apical dominance have been suggested. The first suggests that cytokinins may 
inhibit IAA oxidase found in the lateral buds, thereby allowing auxin levels to 
build and causing lateral bud elongation. A second hypothesis is that cytokinins 
may initiate a sink mechanism at the lateral bud promoting the transport of 
nutrients, vitamins, minerals, and other growth substances, all of which may be 
limiting their growth. Before either hypothesis can be proven or disproven more 
research is necessary in this area. 

Delay of Senescence and Promotion of Translocation of Nutrients and 
Organic Substances. When mature leaves are detached from the plant there 
is a rapid breakdown of protein, chloroplasts degrade resulting in a loss of 
chlorophyll, and there is an outflow of nonprotein nitrogen, lipids, and nucleic 
acid components through the leaky membranes. It has been shown that the 
formation of roots on detached leaves retarded the onset of senescence symp
toms (Chibnall 1954). Cytokinins have been shown to partially replace the 
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need for roots in delaying senescence (van Staden et al. 1988). In the darkness 
senescence is greatly accelerated; however, cytokinins have the ability to re
place the light effect by delaying the senescence process probably by maintain
ing the integrity of the tonoplast membrane (Thimann 1987). When cytokinins 
are applied to etiolated leaves or cotyledons several hours before exposure to 
light the etioplasts are converted to chloroplasts resulting in an increase in the 
rate of chlorophyll production (Parthier 1979; Kaminek et al. 1992; Mok and 
Mok 1994). Cytokinins can also delay senescence of cut flowers (van Staden 
et al. 1990) and fresh vegetables (Weaver 1972; Ludford 1987). Mothes and 
Engelbrecht (1961) showed that kinetin had the ability to promote the transport 
of organic substances in excised leaves kept in the dark. Leopold and Kawase 
(1964) showed that when one bean leaf was sprayed with kinetin the leaf 
adjacent to it began to senesce. The ability of cytokinins to promote the 
translocation of nutrients and the creation of sinks has since been shown in 
many plants (Thimann 1987; Mok and Mok 1994). 

ABSCISIC ACID 

Biosynthesis of Abscisic Acid 

ABA is a sesquiterpene composed of three isoprene units. It is synthesized 
via the early steps of the mevalonic acid pathway with two potential routes 
from isopentenyl pyrophosphate as shown in Figure 3.12. The two possible 
routes are first via famesyl pyrophosphate to ABA and second via carotinoids 
through a series of steps to ABA. 

Inactivation of Abscisic Acid 

ABA can be metabolized in two different ways: It can be converted to 
abscisyl-~-D-glucopuranoside, which is a reversible reaction, or it can be irre
versibly converted to 6' -hydroxymethyl ABA, phaseic acid, or 4' -dihyd
rophaseic acid (Figure 3.15). ABA can also be inactivated by the attachment 
of a glucose to the carboxyl group of ABA to form an ABA-glucose ester. 
Inactivation due conjugation of ABA is similar to what occurs with IAA, 
gibberellins, or cytokinins. 

Physiological Effects of ABA 

Stomatal Closure. The importance of ABA as a stress-induced plant 
growth substance has been known for many years (Davies and Jones 1991). 
Exogenous applications of ABA have since been shown to close stomates in 
the light and will remain closed until ABA is metabolized (Raschke 1987; 
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Davies and Jones 1991). Harris and Outlaw (1990) using an immunoassay for 
ABA were able to quantify ABA in a single guard cell showing the ability to 
detect ABA in the femtogram range (1 x 10-15 ). Using this technique they 
were able to show that following water stress there was a 20-fold increase in 
ABA levels. Water-stressed roots also produce ABA which can be transported 
throughout the plant. It is thought that when water is limited the root tips 
perceive this stress and produce ABA, which is transported to the leaves 
causing stomatal closure. The net result is a reduction in water loss and 
photosynthesis, thereby acting as a survival mechanism (Davies and Jones 
1991). 

When plants perceive light under unstressed conditions there is an influx of 
potassium into the guard cells which is facilitated by an ATP-dependent pump 
for K + which is located on the plasma membrane of the guard cells while H + 

and organic acids such as malic acid are transported out. When this occurs, the 
osmotic potential becomes negative within the cell reducing the water potential 
and causing water to rush into the cell resulting in stomatal opening (Figure 
3.16). When plants are stressed ABA will cause K+ to leak out of the guard 
cells while H + and organic acids enter causing the guard cells to close. Once 
closed ABA will prevent opening in response to light by blocking the previ
ously mentioned process until it is inactivated by metabolism. The signal 
transduction mechanism by which ABA produces these changes has not yet 
been fully established. However, there is evidence suggesting that Ca2+ and 
GTP-binding proteins have a role in the signal transduction chain (Davies and 
Jones 1991; U and Assmann 1993). 

Defense Against Salt and Temperature Stress. ABA levels increase in 
response to salt, cold, and high-temperature stress, each of which are known to 
cause a deficiency of water. It has been suggested that ABA synthesis is 
regulated at the transcriptional level and following an increase in ABA there 
is a modification of gene expression in the stressed plants (Davies and Jones 
1991). It has also been shown that exogenous applications of ABA have the 
ability to harden plants against frost damage (Guy 1990; Tanino et al. 1990) 
and excess salt (Skriver and Mundy 1990). Research in this area has a number 
of practical implications which should be realized in the near future. 

Dormancy. Since the discovery of ABA researchers have been trying to 
provide evidence that it is the dormancy hormone but they have been unsuc
cessful. Early work by Eagles and Wareing (1963) showed that under short 
days ABA levels were increased in leaves and buds resulting in dormancy and 
that exogenous applications of ABA to nondormant buds promoted dormancy. 
It has also been shown that short-day treatments which induce dormancy in 
some species do not promote increases in ABA levels correlating with the 
induction of dormancy. There are also numerous studies which show that 
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exogenous application of ABA promotes seed dormancy in many species. One 
conclusion which might be drawn from this information is that in some species 
ABA is important by itself, whereas interactions with other known or unknown 
plant growth substances may be involved in other plant systems (Davies and 
Jones 1991). 

Abscission, Seed Germi1llltion, and Growth. It was initially suggested that 
ABA was responsible for causing abscission of leaves, fruits, and flowers; 
however, it is now generally accepted that it is not. Osborne (1989) reviewed 
the effects of ethylene and ABA on abscission and concluded that ABA had 
no direct role in the abscission process. ABA probably acts indirectly by 
causing premature senescence, which causes a rise in ethylene production, 
which turns on numerous genes involved in abscission. 

It is known that ABA has a wide variety of physiological, biochemical, and 
molecular effects in seeds and that ABA is universally present in developing 
seeds; however, at the present time the direct role for ABA in these processes 
remains unknown (Davies and Jones 1991). 

EfHYLENE 

Biosynthesis of Ethylene 
Ethylene is a gaseous plant growth substance which has been shown to be 

involved in numerous aspects of plant growth and development from seed 
germination through senescence and death of the plant. The biosynthesis of 
ethylene is one of the best characterized pathways for any of the known plant 
growth substances. Ethylene is synthesized from methionine by the reactions 
outlined in Figure 3.17. Methionine is converted to S-adenosylmethionine 
(AdoMet) via the enzyme AdoMet synthetase. A portion of AdoMet is recycled 
in the following sequence: methyl thioadenosine to methylthioribose to methyl
thioribose-l-phosphate to 2-keto-4-methylbutyrate and back to methionine 
(Abeles et al. 1992). AdoMet also proceeds in two other ways, one is to 
S-adenosylmethyl thiopropylamine by the enzyme AdoMet decarboxylase and 
on to polyamine biosynthesis. The other is to l-aminocyclopropane-l-car
boxylic acid (ACC) via the enzyme ACC synthase (rate limiting step in this 
pathway) which in tum has two possible fates, it may be converted to ethylene 
by ACC oxidase or to malonyl-ACC (an inactive end product) via the enzyme 
ACC N-malonyltransferase. The HCN given off in the conversion of ACC to 
ethylene can combine with cysteine to form cyanoalanine plus H2S via the 
enzyme ~-cyanoalanine synthase. Through labeling experiments it has been 
shown that methionine is utilized in the following way: C-5 along with sulphur 
is recycled, C-3,4 are used for ethylene, C-2 in HCN, and C-l is found in CO2 

(Figure 3.18). However, many of the studies on ethylene biosynthesis have 
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focused on the steps between AdoMet and ethylene. As shown in Figure 3.17, 
there many factors which can stimulate ethylene biosynthesis, one of which is 
ethylene itself. This process is called autocatalytic ethylene production. Ethy
lene first stimulates ACC oxidase followed by a large increase in ACC synthase 
activity. Within recent years ACC synthase and ACC oxidase proteins have 
been purified and their genes cloned in many tissues, whereas ACC N-mal
onyltransferase has recently been purified and characterized, and work is in 
progress to clone the gene for this enzyme (Guo et al. 1992, 1993). Since the 
genes for ACC synthase and ACC oxidase were cloned they have been utilized 
to modify fruit ripening and are currently being investigated for their ability to 
regulate other plant physiological processes (Kende 1993; Abeles et al. 1992). 

Properties of Ethylene and Structure/Activity 
Relationships 

Ethylene is an unsaturated hydrocarbon with a molecular weight of 28.05. 
It has a boiling point of -103°C. It is colorless, flammable, lighter than air 
(the relative density for ethylene is 0.979 while air is 1.0), and it is soluble in 
water (at OOC 315 ~1!L and at 25°C 140 ~1!l). The structure/activity studies 
outlined in Table 3.1 show that ethylene is more effective than other hydrocar
bons in regulating a given response although others are still active. 

Table 3.1. Structure-activity studies. 

Compound 

Ethylene 
Propylene 
Vinyl chloride 
Carbon monoxide 
Acetylene 
Vinyl fluoride 
Propyne 
Vinyl methyl ether 
1-Butene 
Carbon dioxide 

Formula 

CH2 = CH2 

CH3CH = CH2 

CH2 = CHCl 
CO 

CH==CH 
CH2 = CHF 
CH3C == CH 

CH2 = CH-O-CH3 

CH3CH2CH = CH2 

CO2 

Induction of Ethylene by Auxin 

Relative Activity 

1 
100 

1,400 
2,700 
2,800 
4,300 
8,000 

100,000 
270,000 
300,000 

The initial discovery that auxin regulates ethylene production was made by 
Zimmerman and Wilcoxon (1935). They observed that the application of 
heteroauxin (IAA) to plant shoots promoted epinasty of other untreated plants 
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enclosed in the same container. Their observation plus the ablility of auxins 
and ethylene to cause a number of similiar effects suggested that some of those 
responses attributed to auxin might be due to ethylene. This idea went unno
ticed for the next 29 years when Morgan and Hall (1964) showed a parallel 
relationship between auxin and ethylene responses and independently dis
covered the capacity of auxin to promote ethylene biosynthesis. Today it is 
generally accepted that auxin stimulates ethylene production and it is thought 
that in vegetative tissues ethylene production is regulated by endogenous levels 
of auxin (Abeles et al. 1992; Arteca 1990). 

Stress Ethylene Production 

The tendency of stress to promote ethylene production has given rise to the 
term stress ethylene. Numerous stresses such as chemicals, drought, flooding, 
radiation, insect damage, disease, mechanical wounding, and others have been 
shown to stimulate ethylene production. Stress ethylene is metabolic in origin 
and is produced by living cells. Once cells die there is no further ethylene 
produced. Ethylene produced in response to stress appears to be a secondary 
messenger allowing a plant to respond (Abeles et al. 1992). 

Physiological Effects of Ethylene 

Fruit Ripening. Ancient Egyptians unknowingly took advantage of in
creased ethylene production resulting from injury by cutting immature syca
more figs to stimulate ripening. In more recent times, fruit ripening was 
shown to be regulated by ethylene. It is now generally accepted that ethylene 
plays an essential role in the ripening of climacteric fruits and the expression 
"One rotten apple spoils the whole bushel" now has a scientific basis 
(Theologis 1992). The term climacteric refers to fruits which will ripen in 
response to ethylene and nonclimacteric refers to those which do not. Ethy
lene goes from undetectable to 0.1 to 1 Ill/I, which stimulates ripening of 
fruits which exhibit a climacteric rise in respiration (e.g., apples and pears), 
whereas, nonclimacteric fruits synthesize very little ethylene and are not 
induced to ripen (e.g., grapes and cherries). The term climacteric was initially 
used to designate an increase in fruit respiration; however, it now includes a 
rise in ethylene production (Figure 3.19). Synthesis of ethylene has been 
greatly reduced in transgenic tomato plants by expression of antisense gene 
constructs of ACC oxidase (Hamilton et al. 1990) or ACC synthase (Deller 
et al. 1991) and by expression of sense gene construct of ACC deaminase 
(Klee et al. 1991) and in all cases significant delays in fruit ripening were 
achieved. All evidence to date with transgenic plants indicates that the degree 
to which ethylene is reduced is correlated with the delay in ripening (Klee 
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Figure 3.19. The relationship between ethylene production and respiration during the 
climacteric rise in banana (From Burg and Burg (1965». 

1993). Recently, ACC N-MTase, which is the enzyme responsible for the 
conversion of ACC to MACC, which is an inactive end product was purified 
and characterized by Guo et al. (1992, 1993). This discovery will now allow 
these researchers to isolate the gene for ACC N-MTase and to use this gene 
to genetically transform plants to delay fruit ripening in the same manner as 
with the deaminase gene (Klee 1993). However, this time a plant gene will 
be used instead of a bacterial gene in order to inactivate ACC. For more 
details on the involvement of ethylene in fruit ripening see Chapter 10 of this 
text and Abeles et al. (1992). 

SeedHng Growth_ The first effect of ethylene was shown in etiolated pea 
seedlings by Neljubow (1901), who demonstrated the triple response showing 
that ethylene inhibited elongation and promoted lateral expansion and horizon
tal growth (Figure 3.20). It is known today that ethylene can inhibit or promote 
elongation of growing stems, roots, or other organs. The inhibition of elonga
tion has been shown to be rapid and reversible. Ethylene has also been shown 
to promote elongation in stems and roots; however, this occurs at a slower rate 
then the inhibitory response. The longer lag period which has been reported in 
many studies is consistent with the hypothesis that growth promotion by ethy
lene may be an indirect effect (Abeles et al. 1992). 

The triple response promoted by ethylene can act as a survival mechanism 
in seedlings. For example, when a pea seedling encounters a barrier such as 
soil crusting, a rock, or something which restricts its emergence it responds 
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Figure 3.20. Promotion of the triple response in etiolated pea seedlings by ethylene. 

with the triple response, allowing it to either break through or go around the 
obstruction, thereby permitting it to reach the soil surface and grow. When 
ethylene production in the hook region of a seedling is very high it remains 
tightly hooked (pea or bean) enabling it to make its way through physical 
forces encountered in the soil without being damaged. Once the seedling 
perceives red light there is a decrease in ethylene production resulting in hook 
opening. This acts as a safety mechanism which prevents premature hook 
opening and damage to the seedling prior to emergence (Abeles et al. 1992). 

Abscission. Abscission may be defined as the separation of an organ or 
plant part from the parent plant. The process of abscission is very important in 
agriculture since abscission or nonabscission of flowers, fruits, and leaves 
influences yields and efficiency of harvesting operations, both of which will be 
discussed later in this text. Ethylene is thought to have a natural role in the 
regulation of the rate of abscission. Three lines of evidence supporting the role 
of ethylene in abscission have been proposed by Reid (1985) which still apply 
today. First, ethylene production increases prior to abscission in many abscising 
plant organs. Second, treatment of a wide range of plant species with ethylene 
or ethylene-releasing compounds stimulates abscission. Third, inhibitors of 
ethylene biosynthesis or action will inhibit abscission. 
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Figure 3.21. Structural formula for the ethylene-releasing compound ethrel (2-chloro
ethylphosphoric acid). 

Flowering. Many years ago it was observed that smoke from wood would 
hasten flowering in pineapples and mangos (Traub et al. 194O). It is now 
known that ethylene is the key component in smoke which speeds the flowering 
process. Ethylene in most cases inhibits flowering; however, it has a stimula
tory effect in pineapples (De Greef et al. 1989), mangos (Chacko et al. 1974), 
lychee (Chen and Ku 1988), and Plumbago indica (Nitsch and Nitsch 1969). 
Plants can be treated with ethylene either directly or through the use of 
ethylene-releasing substances such as Ethrel (trade name) 2-chloroethylphos
phoric acid (Figure 3.21) or indirectly with auxins which stimulate ethylene 
production naturally (Abeles et al. 1992). 

Senescence. Senescence may be defined as a general failure of many 
synthetic reactions that precede cell death and is the phase of plant growth 
which extends from full maturity to death and is characterized by chlorophyll, 
protein, or RNA degradation as well as other factors. Workers have shown with 
both leaves and flowers that exogenous ethylene treatments enhance the senes
cence process and that increased ethylene production occurs during aging. It 
must be noted that there are exceptions where ethylene may not be solely 
involved in the senescence process. Bleecker et al. (1988) has shown that the 
leaves of the ethylene-insensitive Arabidopsis mutant (etr) senesce at a slower 
rate then the wild type; however, they still senesce, indicating that ethylene is 
not the only factor involved. In addition, there are some plants which exhibit 
no increase in ethylene production prior to senescence, in these cases it may 
be that there is an increase in sensitivity to ethylene rather than by having its 
effect as a result of increased production (Abeles et ale 1992). 

Other Physiological Effects. In addition to the previously described 
physiological processes, ethylene has been shown to be involved in photosyn
thesis, respiration, transpiration, dormancy, seed germination, bud break, apical 
dominance, cell growth, tissue culture, embryogenesis, epinasty, root initiation, 
storage organs, xylem formation, floral inhibition, sexual development, gravi
tropism, thigmomorphogenesis, exudation, resin ducts, latex formation, gurn
mosis, hypertrophy, and others (Abeles et al. 1992). 
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BRASSINOSTEROIDS 

Biosynthesis of Brassinosteroids 

At the present time the biosynthesis of brassinolide has not yet been thor
oughly investigated; however, a proposed pathway for the biosynthesis of 
brassinolide has been outlined in two review articles (Mandava 1988; Yokota 
et al. 1991). 

Structure/Activity Relationships 

All of the naturally occurring brassinosteroids are known to be derivatives 
of 5 a-cholestane. Variations of kinds and orientation on the skeleton have been 
shown to have an effect on activity. In order to have brassinosteroid activity 
the following structural requirements must be met: 

1. A trans NB ring system (5 a-hydrogen) 

2. A 6-ketone or a 7-oxa-6-ketone system in ring B 

3. Cis a-oriented hydoxyl groups at C-2 and C-3 positions 

4. Cis hydroxy groups at C-22 and C-23 as well as a methyl or ethyl group at C-24 

5. The a-orientation at C-22, C-23, and C-24 are more active then ~-oriented 

compounds. 

These requirements were shown in several different test systems each show
ing the same result (Thompson et al. 1981, 1982; Arteca et al. 1985; Takasuto 
et al. 1983). 

Transport and Metabolism of Brassinosteroids 

At the present time it is not known how brassinosteroids are transported. 
When brassinosteroids are applied to the roots of tomato plants there is a 
stimulation in ethylene biosynthesis resulting in epinasty (Figure 3.22) 
(Schlagnhaufer and Arteca 1985). Prior to this work indirect evidence was 
presented by several workers indicating that BR could be transported from the 
roots to the shoots of plants. It was shown that when BR was applied to the 
roots little or no ACC was found in the xylem sap indicating that there was a 
signal (presumably BR) from the roots which stimulated ACC synthesis in leaf 
tissue. Others have shown that when BR is applied to the roots of tomato and 
radish plants there was an increase in petiole and hypocotyl elongation, and 
when applied to the base of mung bean cuttings it promoted elongation of the 
epicotyls (Sasse 1991). 

In a subsequent study by Schlagnhaufer and Arteca (1991) the transport and 
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Figure 3.22. Brassinosteroid-induced epinasty in Lycopersicon esculentum. 

metabolism of [3H]BR was studied in tomato plants. The application of 
[3H]BR to the roots of tomato plants for 12 hours led to the production of 
unknown metabolites. When the plants were returned to a solution minus BR 
after 24 hours, the ACC content in these tissues decreased and there was a 
large increase in the two BR metabolites suggesting that the plant metabolizes 
BR to inactive forms resulting in a decrease in ethylene production. Additional 
evidence that plants have the ability to metabolize BR was presented in a study 
by Yokota et al. (1991). In this study they showed that when radiolabeled 
castasterone or brassinolide were fed to mung bean or rice seedlings there was 
an increase in polar metabolites. 

Physiological Effects of Brassinosteroids 

Comparisons with Other Plant Growth Substances in Different Bioassays. 
Since the discovery of brassinolide its biological activity in bioassay systems 
designated for auxins, gibberellins and cytokinins has been investigated 
(Table 3.2). 

One of the main effects of brassinolide appears to be its close relationship 
with IAA, typically acting synergistically. Although in most cases brassinolide 
acts in a similar manner to auxins, gibberellins, or cytokinins, in auxin bioas
says based on root formation in mung bean, pea shoot lateral decapitated bud 
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Table 3.2. Activity of brassinolide (BR) in selected auxin (1AA), gibberellin (GA3), 

and cytokinin (KIN) bioassays. 

Auxin bioassays 

Azuki bean epicotyl section elongation 
Maize etiolated mesocotyl section elongation 
Pea etiolated epicotyl section growth 
Mung bean hypocotyl root formation 
Pea decapitated shoot lateral bud growth 
Cress seedling root elongation 
Bean etiolated hypocotyl hook opening 
Jerusalem artichoke tuber slice weight change 
Ethylene production in mung bean hypocotyls 
Bending of dwarf rice leaf lemina 
Epinasty in tomato plants 

Gibberellin bioassays 

Bean etiolated hypocotyl elongation 
Mung bean epicotyl elongation 
Cucumber hypocotyl elongation 
Pea (dwarf) excised apical section elongation 
Pigweed betacyanin formation in light 
Dock leaf disc senescence 

~okinin bioassays 

Cucumber cotyledon expansion 
Pea (dwarf) apical hook and tip section expansion 
Pigweed betacyanin formation in dark 
Cocklebur leaf disc senescence 

Activity! 
BR 

P (10 ~)2 
P (1O~) 
P (1O~) 
I (1~) 
NE (500 ppm) 
NE (1O~) 
1(10 !lm) 
IN (10~) 
P(1 ~) 
P(1 ~) 
P (1~) 

IAA 

P (100~) 
P (1~) 
P(3 ~) 
P (10~) 
I (500 ppm) 
I (1O~) 
I (1~) 
IN (1~) 
P(1 ~) 
P(1 ~) 
P (100~) 

Activity! 
BR 

P (1O~) 
P(1 ~) 
P(1 ~) 
P (10~) 
I (1O~) 
P (50~) 

BR 

P (100~) 
NE (10~) 
NE (100~) 
P (50~) 

GA3 

P(1 ~) 
P (1O~) 
P (1O~) 
P(1 ~) 
I (1~) 
R (50~) 

Activity! 
KIN 

P (10~) 
P (1O~) 
P (100~) 
R (50~) 

1 The following code is used in the table: P = promotes; I = inhibits; IN = increases; R = retards; 
and NE = no effect. 

2 Concentrations given are for optintal responses, not threshold detection limits. 

growth, and cress seedling root elongation, BR and IAA act differently. In the 
dock leaf disc senescence bioassay for gibberellins BR promotes senescence, 
whereas gibberellins delay senescence. In cytokinin bioassays using the dwarf 
pea apical hook and tip expansion, pigweed betacyanin formation, and cockel
bur leaf disc senescence bioassays BR and cytokinin also act differently (Yopp 
et al. 1981). 
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Promotion of Ethylene Biosynthesis and Epinasty. In etiolated mung bean 
hypocotyl segments BR increases ethylene biosynthesis at the step between 
AdoMet and ACC by stimulating ACC synthase activity. BR-induced ethylene 
can be inhibited by aminooxyacetic acid (ADA), Co2+, fusicoccin (a fungal 
toxin), and the auxin transport inhibitors 2,3,4-triiodobenzoic acid and 2-(p
chlorophenoxy)-2-methylpropionic acid. BR acts synergistically with active 
auxins and calcium, whereas it has an additive effect when used in combination 
with cytokinins in the stimulation of ethylene production. Light has been shown 
to inhibit BR-induced ethylene production while having little effect on ethylene 
produced in response to IAA (Arteca 1990). BR applications to the roots of 
hydroponically grown tomato plants have also been shown to promote a dra
matic increase in the step between AdoMet and ACC resulting in an increase 
in ACC, ethylene, and petiole bending (Schlagnhaufer and Arteca 1985). BR 
shows similar effects in the promotion of ethylene production in plant parts as 
well as in a whole plant system unlike auxin which is typically more effective 
in eliciting a response in a detached plant system. 

Shoot Elongation. Brassinosteroids have been shown to promote elonga
tion of vegetative tissue in a wide variety of plants at very low concentrations. 
Wang et al. (1993) has shown that brassinosteroid can stimulate hypocotyl 
elongation by increasing wall relaxation without a concomitant change in wall 
mechanical properties in Pakchoi. In a subsequent paper by Zurek et al. (1994) 
they showed BR stimulates wall loosening in soybean epicotyl segments. How
ever, they found that the loosening in soybean appears to alter mechanical 
properties of the wall, since they observed an increase in plastic extensibility 
as measured by Instron analysis. The promotive effect of BR on elongation has 
clearly been shown under white, green, or weak red light. However, little or 
no effects have been found in complete darkness suggesting that brassinolide 
action may result by overcoming the inhibitory effects of light (Mandava 1988; 
Cutler et al. 1991; Kamuro and Inada 1991). 

Root Growth and Development. Brassinosteroids are powerful inhibitors 
of root growth and development. BR and IAA effects are generally similar and 
a synergism between the two is typically reported. However, in the case of root 
initiation they act quite differently, IAA stimulating and BR having an inhibi
tory effect. The possible reasons for these differences may be that BR acts 
independently of IAA in roots, or it acts as an antagonist of IAA. It has been 
documented that ethylene has an inhibitory effect on root growth (Roddick and 
Guan 1991) and BR stimulates ethylene production; therefore, it is possible 
that the inhibition of root growth is due to BR-induced ethylene production. 
However, further research is necessary before definitive statements can be 
made. 
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Plant Tissue Culture. 24-Epibrassinolide has been shown to mimic culture 
conditioning factors and to synergize with these factors in promoting carrot cell 
growth (Bellincampi and Morpurgo 1991). However, in transformed tobacco 
cells brassinosteroids have been shown to significantly inhibit cell growth at 
concentrations as low as 10-8 (Bach et al. 1991). 

Antiecdysteroid Effects in Insects. Structurally brassinosteroids are very 
similar to ecdysteroids, which are moulting hormones of insects and other 
arthropods. Brassinosteroids have been shown to interfere with ecdysteroids at 
their site of action and are the first true antiecdysteroids observed thus far. 
Since brassinosteroids are natural products they are good candidates for safer 
insect pest control. However, their cost must be reduced before becoming 
economically feasible (Richter and KooIman 1991). 

Other Biological Effects. Preliminary results indicate that brassinosteroids 
have a number of other biological effects such as the promotion of changes in 
plasmalemma energization and transport, assimilate uptake; enhancement of 
xylem differentiation, enhanced resistance to chilling, disease, herbicide, and 
salt stress; promotion of germination, and decreased fruit abortion and drop 
(Cutler et al. 1991; Iwahori et al. 1990). 

Effects of Brassinosteroids on Nucleic Acid 
and Protein Synthesis 

When bean plants were treated with BR there was a significant increase in 
RNA and DNA polymerase activities and synthesis of RNA, DNA, and protein 
(Kalinich et al. 1985). Putative inhibitors of RNA and protein synthesis have 
since been shown to interfere with BR-induced epicotyl elongation indicating 
that the growth effects induced by BR depend on the synthesis of nucleic acids 
and proteins (Mandava 1988). BR has the ability to stimulate elongation of 
soybean epicotyls (Clouse et al. 1992) and Arabidopsis peduncles (Clouse et 
al. 1993) at low concentrations. It was found that when BR stimulated elonga
tion in soybean, gene expression patterns were altered by BR either plus or 
minus IAA indicating that BR was having its effect alone. However, the 
possibility still exists that it could be acting with endogenous auxin. In order 
to take this work one step further the effects of BR on several known auxin
regulated genes were evaluated. This work indicated that the molecular mech
anism of BR-induced elongation is different than auxin-induced elongation in 
this system (Clouse et al. 1992). More recently a brassinosteroid-regulated gene 
from elongating soybean epicotyls has been identified and characterized (Zurek 
and Clouse 1994). There is a synergistic relationship in the stimulation of ACC 
synthase when BR and IAA are used in combination in etiolated mung bean 
hypocotyl sections. Recently, a full-length cDNA (pAlM-1) for IAA-induced 
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ACC synthase was identified and characterized in this tissue (Botella et al. 
1992). Using this cDNA as a probe it was shown that BR could turn on the 
gene for ACC synthase (Arteca et al. 1993). 

Kulaeva et al. (1991) presented evidence that BR can protect cereal leaf 
cells from heat shock and salt stress. They showed that when wheat leaves were 
subjected to temperatures of 40°C both 22S, 23S-homobrassinolide and 24-
epibrassinolide activated total protein synthesis and de novo synthesis of dif
ferent polypeptides at these high temperatures as well as at normal tempera
tures. The 22S, 23S-homobrassinolide also stimulated heat shock granules in 
the cytoplasm and increased thermotolerance of total protein synthesis under 
heat shock. 24-epibrassinolide protected the leaf cell ultrastructure in leaves 
under salt stress and also prevented nuclei and chloroplast degradation. 

Practical Applications of Brassinosteroids 

In the early 1980s USDA scientists showed that BR could increase yields 
of radishes, lettuce, beans, peppers and potatoes. However, subsequent results 
under field conditions were disappointing because inconsistent results were 
obtained. For this reason testing was phased out in the United States. More 
recently large-scale field trials in China and Japan over a six-year period have 
shown that 24-epibrassinolide, an alternative to brassinolide, increased the 
production of agronomic and horticultural crops (including wheat, corn, to
bacco, watermelon, and cucumber). However, once again depending on cultural 
conditions, method of application, and other factors the results sometimes were 
striking while other times they were marginal. Further improvements in the 
formulation, application method, timing, effects of environmental conditions, 
and other factors need to be investigated further in order to identify the reason 
for these variable results (Cutler et al. 1991). 

Are Brassinosteroids a New Class 
of Plant Growth Substances? 

Brassinosteroids are thought to be a new class of plant growth substances 
(Sasse 1990). However, there are gaps in our knowledge in some areas which 
allow for a degree of skepticism. The first line of evidence supporting the idea 
that brassinosteroids are a new class of plant growth substances is that they are 
widely distributed within the plant kingdom. Second, they have an effect at 
extremely low concentrations, both in bioassays and whole plants. Third, they 
have a range of effects which are different from the other classes of plant 
substances and there are strict structural requirements for a brassinosteroid to 
be active in promoting a physiological response. Fourth, they can be applied 
to one part of the plant and transported to another location where, in very low 
amounts, they elicit a biological response. At the present time the actual 
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mechanism of BR action remains unclear. Recent studies using molecular 
technology suggest that BR has the ability to regulate gene expression resulting 
in elongation (Clouse et al. 1992; Zurek and Clouse 1994) and ethylene 
production (Arteca et al. 1993). In addition, a BR-insensitive mutant has been 
identified which should facilitate identification and cloning of genes for the BR 
receptor and possibly genes regulating other aspects of the diverse effects of 
BR in plants (Clouse et al. 1993). However, before definitive conclusions on 
the mechanism of action can be made more work is necessary. 

SAUCYLATES 

Biosynthesis of Salicylic Acid 

In order to manipulate levels of salicylic acid (SA) in plants utilizing 
molecular tools available today there needs to be a better understanding of the 
salicylic acid biosynthetic pathway. A proposed pathway in plants has been 
outlined in a review by Raskin (1992). This shows that the shikimic acid 
pathway is used to produce cinnarnic acid which can be converted in two ways 
to salicylic acid, one via o-coumaric acid and the other via benzoic acid 
(Figure 3.23). 

Transport and Inactivation of Salicylic Acid 

At the present time there is no direct evidence that SA is transported in 
plants. However, the physical properties indicate that it could be readily trans
ported throughout the plant (Raskin 1992). SA can be inactivated in two 
different ways, by conjugation and metabolic inactivation. It has been shown 
that plants have the capacity to produce o-glucosides or glucose esters of SA. 
Plants can also metabolically inactivate SA by additional hydroxylation of its 
aromatic ring (Raskin 1992). 

Physiological Effects of Salicylic Acid 

Effects on Flowering. There are a number of reports in the literature 
showing that SA can stimulate flowering. The first report showing that SA had 
a promotive effect on flowering was organogenic tobacco callus where it was 
shown that SA in combination with kinetin and IAA promoted bud formation. 
While this finding was interesting it did not provide solid evidence that SA 
was involved in flowering because there are many compounds that can induce 
flower buds in tobacco cell cultures. The effects of SA on flowering has been 
reviewed by Raskin (1992) and although there are many cases where SA has 
a promotive effect there are also conflicting reports. 
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Relationship Between SaHcylic Acid and Heat Production in Plants. 
Thermogenicity (heat production) in plants was first described by Lamarck 
(1778) in the genus Arum. Today it is known that heat production occurs in 
male reproductive structures of cycads and in flowers or inflorescences of some 
angiosperm species belonging to several families. The heating is thought to be 
associated with a large increase in the cyanide-resistant nonphosphorylating 
pathway which is unique to the mitochondria. Arum lilies (voodoo lily) pro
duce an inflorescence which can be up to 80 cm long. It was suggested by van 
Herk (1937) that a burst of metabolic activity in the appendix of the voodoo 
lily was triggered by Calorigen a water-soluble substance produced in the male 
flower primordia just below the appendix. In an attempt to identify calorigen 
it was found that SA was the actual compound inducing the heat production in 
voodoo lilies. In this system one day before blooming, SA moves from the male 
flowers of the voodoo lily to the appendix (Figure 3.24a). It then induces heat, 
which is a product of cyanide-insensitive respiration resulting in the volatiliz
ation of foul-smelling amines and indoles which are attractive to insect pol
linators. Temperature increases as much as 14°C above ambient have been 
reported to occur in the appendix (Raskin 1992). 

Relationship Between SaHcylic Acid and Disease Resistance in Plants. 
Some disease-resistant plants restrict the spread of infection by pathogens to a 
small area around the point of initial penetration where a necrotic lesion 
appears. This protective cell suicide is called a hypersensitive reaction (HR). 
An HR can lead to a systemic acquired resistance. Commonly associated with 
HR and systemic aquired resistance is the production of low-molecular-weight 
pathogenesis-related (PR) proteins. Resistance to pathogens and the production 
of some PR proteins in plants can be induced by SA or acetylsalicylic acid 
even in the absence of pathogenic organisms (Raskin 1992). During the devel
opment of the hypersensitive response to pathogens, large amounts of SA are 
produced from cinnamic acid in the vicinity of the neucrotic lesions (Yalpani et 
al. 1993). A large portion of SA is immobilized as p-O-D-glucosylsalicylic acid 
and free SA enters the phloem where it is subsequently detected in the upper 
leaves. Increases in SA are sufficient for the systemic induction of PR proteins 
and resistance to subsequent infection (Figure 3.24b). It is not clear at the 
present time whether the export of SA from the infected leaf can account for 
all the SA present during systemic acquired resistance (Raskin 1992). 

Is Salicylic Acid a New Class 
of Plant Growth Substances? 

SA is thought by some to be a new class of plant growth substances (Raskin 
1992). It is a chemically characterized compound, ubiquitously found in the 
plant kingdom and has an effect on many physiological processes in plants at 
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low concentrations. At the present time the mechanism of action of SA remains 
unclear. SA regulates some aspects of disease resistance and thermogenesis in 
plants. The biochemical link between the action of SA in plant disease resis
tance and its thermogenic and odor-producing effects in Arum lilies remains to 
be elucidated. Further research on the SA biosynthetic pathway and metabolism 
along with molecular studies on SA signal transduction should be conducted to 
better understand the mechanism of action of this important regulatory com
pound. 

JASMONATES 

Biosynthesis, Metabolism, and Transport 
of Jasmonates 

Jasmonates are formed biosynthetically from linolenic acid by a series of 
reactions shown in Figure 3.25 and are metabolized as outlined in Figure 3.26 
(Sembdner and Parthier 1993). Transport, intracellular location, and regulation 
of jasmonic acid biosynthesis is poorly understood. At the present time there 
is no direct evidence that jasmonates are transported from a site of synthesis 
to another site where they elicit a response (Staswick 1992; Sembdner and 
Parthier 1993). 

Physiological Effects of Jasmonates in Plants 

Jasmonates have been shown to elicit both inhibitory and promotive effects 
on the plant's morphology and physiology, some of which are similar to 
abscisic acid and ethylene. Exogenous applications of JA have inhibitory ef
fects on seedling longitudinal growth, root length growth, mycorrhizial fungi 
growth, tissue culture growth, embryogenesis, seed germination, pollen germi
nation, flower bud formation, pulvinule opening, carotenoid biosynthesis, 
chlorophyll formation, rubisco biosynthesis, and photosynthetic activities. In 
addition to its inhibitory effects it has also been shown to have promotive or 
inductive effects on sugarcane-cutting elongation, differentiation in plant tissue 
culture, adventitious root formation, breaking seed dormancy, pollen germina
tion, turion germination, fruit ripening, pericarp senescence, leaf senescence, 
leaf abscission, tuber formation, tendril coiling, stomatal closure, microtubule 
disruption, chlorophyll degradation, respiration, ethylene biosynthesis, and pro
tein synthesis. Providing details on all of the effects of jasmonates previously 
mentioned is beyond the scope of this book and therefore will be limited to a 
few effects and their relationship with other plant growth substances (Sembdner 
and Parthier 1993). 

When exogenously applied jasmonates promote leaf senescence there is 
chlorophyll degradation and many other effects associated with the senescence 
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process. At the present time there is only indirect evidence on the role of JA 
in leaf senescence. It has been shown that cytokinins delay senescence and also 
counteract JA effects on chlorophyll and rubisco degradation. JA-Me has been 
shown to stimulate ethylene biosynthesis by increasing the activities of ACC 
synthase or oxidase, however, its effect depends on the plant species and the 
stage of plant development. It is possible that JAs effects on leaf senescence, 
fruit ripening, and other processes may be due to its stimulatory effect on 
ethylene biosynthesis. There are similarities as well as differences in structure, 
physical properties, and activity of abscisic acid and jasmonic acid. Both 
promote stomatal closure and induce proteinase inhibitors and Brassica seed 
storage proteins, but only JA has been shown to induce soybean vegetative 
storage proteins. The relationship between JA and other plant growth substan
ces requires further elucidation before definitive statements can be made on its 
role in different plant processes (Sembdner and Parthier 1993). 

Jasmonate-Induced Proteins and Regulation 
of Gene Expression 

JA has been shown to induce proteins (Table 3.3) in all of the plant species 
tested. At the present time the function of many of these proteins remains 
unclear. Two functional types of proteins appear to be regulated by JA: storage 
proteins, and proteins which are involved in the plant's defense against attack 
from pathogens, herbivores, and physical and chemical stress. At the molecular 
level there is a large amount of evidence showing that JA affects gene express
ion in plants in a number of test systems (Sembdner and Parthier 1993). 

Table 3.3. Proteins induced by jasmonic acid (From Sembdner and Parthier (1993». 

Protein 

Chalcone synthase 
Napin 
Trypsin inhibitor 
Lipoxygenase 
Vegetative storage proteins 

Proteinase inhibitors 
Proteinase inhibitor II 
Phenylalanine ammonia lyase 
Thionin 
Unknown function 

Unknown function 
Unknown function 

Source 

Soybean cell culture 
Rapeseed embryos 
Alfalfa leaves 
Soybean, pea 
Soybean 

Tomato leaves 
Potato leaves 
Soybean cell culture 
Badey leaves 
Badey leaves 

Cotton cotyledons 
Tomato leaves 

Other inducers 

Wounding 
Wounding 
Wounding 
Wounding, desiccation 
Wounding, desiccation, sol-

uble sugars 
Wounding, ABA 
ABA, sugars 
Oligosaccharides 

ABA, sorbitol, sugars, des
iccation 

ABA 
Wounding 
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Potential of Jasmonates as a Systemic Signal 
and in the Stress Signal Transduction Chain 

Methyl jasmonate (MeJA) can elicit a physiological response in a gaseous 
state. In fact, proteinase inhibitors and vegetative storage proteins can be 
induced by MeJA at nanomolar concentrations. Sagebrush (Artemesia triden
tata) can release MeJA into the air in sufficient quantity to induce proteinase 
inhibitors in plants incubated in the same chamber (Farmer and Ryan 1992). 
This is similar to the response found by Zimmerman and Wilcoxon (1935) who 
showed that when IAA was applied to one tomato plant, ethylene was given 
off, promoting epinasty in other plants enclosed in the same chamber. It 
remains to be determined whether volatile MeJA is an effective natural signal 
between plants. 

It is thought that the wound signal is perceived triggering lipases which 
attack the membrane releasing polyunsaturated fatty acids (linolenic acid) 
which are metabolized to jasmonates via the jasmonic acid biosynthetic path
way, thereby triggering a response. Support for this model is that the synthesis 
of inducible proteinase inhibitors and tendril coiling are triggered by jasmon
ates and also their precursors (Staswick 1992; Sembdner and Parthier 1993). 

Is Jasmonic Acid a New Class 
of Plant Growth Substances? 

Jasmonic acid is considered by some to be a new class of plant growth 
substances (Staswick 1992). It is a chemically characterized compound and has 
been identified in most organs of many plant species. It has physiological 
effects at very low concentrations and indirect evidence suggests that it is 
transported throughout the plant. There is a considerable amount of interest on 
the mechanism of jasmonic acid in plants and although a lot of progress has 
been made there are still major gaps in our understanding in this area of 
research (Sembdner and Parthier 1993). 
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CHAPTER 

4 
Seed Germination 
and Seedling Growth 

In order to understand factors regulating germination and subsequent growth of 
the seedling we should first be knowledgeable as to the processes involved 
during this period. Propagation by seeds is the major method of reproduction in 
nature and the most widely used method in agriculture due to its high effi
ciency. A seed is a ripened ovule which when shed from the parent plant 
consists of an embryo and a stored food supply both of which are enclosed in 
a seed coat or covering. Seed germination may be defined as a series of events 
which take place when dry quiescent seeds imbibe water resulting in an in
crease in metabolic activity and the initiation of a seedling from the embryo. 
ID order for germination to be initiated the following criteria must be meet: 

1. The seed must first be viable (the embryo is alive and capable of germination). 

2. Appropriate environmental conditions such as available water, proper tempera
ture, oxygen, and, in some cases, light must be supplied. 

3. Primary dormancy in the seed must be overcome. 

104 
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In most cases the first visible sign of seed germination is emergence of the 
radicle from the seed coat. There are also specific cases where the shoot is the 
first visible sign, an example of this is Salsola seeds (Mayer and Poljakoff
Mayber 1989). Following emergence of the radicle the seedling grows as a 
subterranean organism not yet relying on photosynthesis for growth. When the 
seedling emerges from the soil, photosynthesis and active growth begins. 

The four stages involved in seed germination and seedling growth which 
will be discussed in this chapter are: 

1. Imbibition of water. 
2. Formation or activation enzyme systems. 

3. Metabolism of storage products, subsequent transport and synthesis of new ma
terials. 

4. Emergence of the radicle and growth of the seedling. 

THE GERMINATION PROCESS 

Imbibition of Water 

During the imbibition stage two factors occur simultaneously, water uptake 
and changes in respiration (C02 evolution or O2 uptake). 

Water Uptake. In germinating seeds water uptake follows a triphasic 
pattern as shown in Figure 4.1. The water potential of a mature dry seed can 
exceed -100 MPa due mainly to matric potential (based on the ability of the 
matrices, e.g., cell walls, starch, etc. to be hydrated and bind water) which 
promotes rapid water uptake during the first phase of imbibition. This uptake 
occurs equally well in dead and living seeds and therefore is independent of 
metabolic activity. The rate of uptake depends on the texture of the germination 
medium, degree of soil packing, and the closeness of the soil to the seed. When 
the seed removes moisture from the soil, the area closest to the seed becomes 
dry and must be replenished by water from adjacent pores. Therefore, it is very 
important that a firm, fme-textured soil is in close contact with the seed in 
order to maintain a uniform water supply during the germination process. 
During phase 2 there is a plateau in water uptake because matric potential no 
longer plays a significant role and the water potential of the seed is based 
largely on the negative osmotic potential (solute concentration) of the living 
cells in the seeds and pressure potential (turgor) of the cell wall, which is 
positive. Although there is little water taken up during this time it is still a 
period of active metabolism (enzyme synthesis) in preparation for germination 
in nondormant seeds, or active metabolism in dormant seeds or inertia in dead 
seeds. Phase 3 is characterized by a second burst in water uptake in nondormant 
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Figure 4.1. Triphasic pattern of water uptake in germinating seeds. 

seeds together with radicle emergence and elongation resulting from enlarge
ment of cells rather than cell division (Bewley and Black 1985). This is 
promoted by a decrease in water potential in the seed due to hydrolysis of 
storage reserves which results in decreased osmotic potential. During this phase 
fats, proteins, carbohydrates, phosphorus-containing compounds, and other ma
terials stored in the endosperm, cotyledons, perisperm, or female gametophyte 
( conifers) are broken down into simpler chemical substances, which are trans
located to the growing points of the embryo axis, resulting in seedling growth. 
Dormant seeds may have an active phase 2; however, do not undergo a phase 
3 (Figure 4.1). The duration of each of these phases depends on seed properties 
such as content of hydratable substances, seed coat permeability, seed size, and 
oxygen uptake. In addition, the conditions during hydration of the seed such as 
temperature, moisture levels, substrate availability and composition will also 
determine the length of each phase. 
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Figure 4.2. Four phases of respiration occurring during imbibition of water by seeds. 

Changes in Respiration. The first easily observable metabolic change is a 
rapid increase in respiration which occurs shortly after the seed is put in water. 
During imbibition there are four phases of respiration as shown in Figure 4.2. 
An initial sharp rise in respiration occurs in phase 1, which is attributed in part 
to activation and hydration of preexisting mitochondrial enzymes associated 
with the citric acid cycle and electron transport. There is a plateau in respiration 
during phase 2 due to low O2 present in the seed which is caused by the seed 
coat restricting air movement from outside, thereby promoting anaerobic res
piration. Not all seeds go through the phase 2 lag phase; examples of these are 
Avena Jatua and Phaseolus lunatus. During phase 3 there is a secondary 
respiratory burst which is attributed to increased O2 supply and newly syn
thesized mitochondrial and respiratory enzymes in dividing cells resulting in 
aerobic respiration of carbohydrates. During phase 4 there is a dramatic decline 
in respiration due to emergence of the seedling through the soil surface result
ing in photosynthesis (Figure 4.2). 
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Formation or Activation of Enzyme Systems 

Evidence for activation or de novo (newly formed) synthesis of enzymes 
during germination has been shown in several ways: 

1. Appearance of enzyme activity prior to germination or by an increase in activity 
during germination. 

2. Use of protein synthesis inhibitors. 

3. Incorporation of radioactive precursors into proteins. 

4. Immunological techniques. 

5. Molecular techniques. 

During germination the formation of enzyme systems can occur in several 
ways: 

1. From preexisting enzymes which are active upon hydration. 

2. Activation of preexisting enzymes which are inactive. 

3. De novo synthesis of enzymes from preexisting or de novo produced mRNA. 

Shortly following the absorption of water by the seed, enzyme activity 
begins to appear. During the germination process numerous enzymes such as 
lipases, proteinases, phosphatases, hydrolyases, calmodulin, carboxypeptidases, 
and others (Mayer and Poljakoff-Mayber 1989; Bernier and Ballance 1993; 
Bewley and Black 1985; Bernhardt et al. 1993; Cocucci and Negrini 1991; 
Washio and Ishikawa 1992) are either activated or de novo synthesized by one 
of the processes previously mentioned. Each of these enzymes are involved in 
the germination process and evidence now suggests that the synthesis or acti
vation of some of these enzymes are regulated by plant growth substances. 

Metabolism of Storage Products 
and Subsequent Transport 

The second change which is easily observed during germination is the 
breakdown of reserve materials by enzymes in the seed. This is caused by the 
formation or activation of enzyme systems discussed in the previous section. 
Three types of chemical changes which occur during the germination process 
are: 

1. Breakdown of reserve materials in the seed. 

2. Transport of breakdown products from one part of the seed to another. 

3. Synthesis of new materials from breakdown products. 

Prior to seedling emergence the only substances taken up by the seed are 
water and oxygen. During the initial stages of seed germination there is a loss 
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of dry weight due to oxidation and leakage from the seed. An increase in dry 
weight begins when the root has emerged, enabling the seedling to take up 
minerals and make its way to the soil surface where it is exposed to light 
resulting in photosynthesis. 

The major storage materials in seeds are lipids and carbohydrates. There are 
also other materials present in dried seeds but they are generally of lesser 
importance (Mayer and Poljakoff-Mayber 1989). Metabolic changes which 
occur in the early stages of germination are due to various enzymes which 
break down starch, proteins, hemicellulose, polyphosphates, lipids and other 
storage materials. 

Carbohydrates. The major storage carbohydrates are starch, oligo- and 
polysaccharides of the cell wall, and soluble sugars. Starch is typically broken 
down by a and l3-amylases. Dry seeds contain mainly l3-amylases and after the 
seed imbibes water there is a rise in a-amylase activity which accounts for 
about 90% of the total amylolytic activity in the endosperm. An exception to 
this rule occurs during germination of alfalfa seeds. During this process a
amylase activity has been shown to decrease while, in contrast, l3-amylase 
activity increases in the cotyledons of germinating seeds. These changes appear 
to be specific for germinating alfalfa seeds but it is possible that this phenom
enon may occur in other plants as well (Kohno and Nanmori 1991). a-Amylase 
converts starch to a variety of sugars, maltose, and glucose, whereas l3-amylase 
converts soluble oligosaccharrides produced via a-amylase action to maltose 
(Swain and Dekka 1966). Other starch-degrading enzymes produced during 
germination are debranching enzymes and phosphorylases. Additional informa
tion on the breakdown and interconversions of carbohydrates during germina
tion can be found in Mayer and Poljakoff-Mayber (1989). 

Lipids. Lipids are stored in lipid bodies (spherosomes) which either have 
preexisting or de novo produced enzymes required for their breakdown into 
fatty acids and glycerol. Severallipases which differ in pH optimum for activity 
have been found in seeds (Lin et al. 1982). They break down lipids to fatty 
acids which are converted via l3-oxidation to acetyl-CoA, which can be used 
in the tricarboxylic acid cycle. Fatty acids may also be broken down via 
a-oxidation, which peroxidatively decarboxylates fatty acids and forms CO2, 

The long-chain aldehyde formed is oxidized to the corresponding acid by a 
reaction linked to NAD. Lipoxidase also plays a part in fatty acid oxidation by 
breaking down the unsaturated fatty acid chain into two smaller parts (Mayer 
and Poljakoff-Mayber 1989). 

Proteins. Storage proteins in most seeds are found in protein bodies. 
During germination storage proteins are broken down, resulting in leakage of 
the breakdown products from protein bodies. Seeds contain a variety of pro-
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teolytic enzymes which are present in dry seeds while other enzymes appear 
during germination. Proteolytic enzymes can be broken down into proteinases 
and peptidases depending on the site of the molecule attacked. Peptidases are 
divided into endopeptidases and exopeptidases, carboxypeptidases and 
aminopeptidases, depending on the point at which they attack on the molecule. 
The types of proteolytic enzymes and peptidases in seeds do not typically differ 
from one another; however, there are a few cases where these enzymes have 
been shown to exhibit differences (Mayer and Poljakoff-Mayber 1989; Washio 
and Ishikawa 1992). 

Phosphorus-Containing Compounds. The main forms in which phos
phorus is stored are nucleic acids, phospholipids, phosphate esters of sugars, 
nucleotides, and phytin. Since most of the phosphate contained within the seed 
is in the bound form, orthophosphate may be a limiting factor in many reactions 
in which phosphate participates, such as phospholipid, nucleic acid and protein 
synthesis and other energy-generating processes. During germination there is a 
large decrease in phytin which can make up to 80% of the total phosphate 
found in seeds (Reddy et al. 1982) and a concomitant increase in inorganic 
phosphate suggesting that phytin acts as a storage pool of phosphate during 
germination. The enzyme involved in the release of phosphate from phytin is 
a phosphatase called phytase. At the present time little is currently known about 
the metabolism of nucleotides and sugar phosphates. The major enzymes 
studied thus far are phosphatases and phosphokinases which are responsible for 
phosphate transfer (Mayer and Poljakoff-Mayber 1989). 

Transport of Digested Storage Compounds 
and Synthesis of New Materials 

After storage compounds are broken down into simpler chemical substances, 
they are transported from the endosperm to the embryo, or from the cotyledons 
to growing points of the seed. Once these compounds reach their destination 
they are utilized for many purposes including the production of new enzymes, 
structural materials, regulatory compounds, plant growth substances, and nu
cleic acids which carry out cell functions and synthesize new materials (Mayer 
and Poljakoff-Mayber 1989; Davies and Slack 1981). 

Emergence of the Radicle and Seedling Growth 

The second burst of water uptake during imbibition is caused by a decrease 
in osmotic potential resulting from the hydrolysis of storage compounds as 
previously mentioned. Along with this increase in water uptake is the concur
rent emergence of the radicle, which from this point on provides a continual 
supply of water and nutrients for growth of the seedling. Development of the 
seedling begins with cell division at the two ends of the embryonic axis, 
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followed by expansion of the seedling structures. Cell division initiated at the 
growing points appears to be independent of the initiation of cell elongation 
(Berlyn 1972; Haber and Luippold 1960). The embryo has an axis at the top 
bearing one or more seed leaves, or cotyledons at the base where the radicle 
emerges. The plumule is the growing point of the shoot which occurs at the 
upper end of the embryonic axis, above the cotyledons. The seedling stem is 
divided into the hypocotyl section which is below the cotyledons, and the 
epicotyl section, which is above the cotyledons. Once seedling growth begins 
there are increases in both fresh and dry weight with a decrease in weight of 
the storage tissues. As the seedling makes its way to the soil surface, respiration 
increases at a steady rate (Figure 4.2). Storage tissues soon become exhausted 
and cease to be involved in metabolic activities except in plants where the 
cotyledons emerge from the ground and become active in photosynthesis. Once 
the seedling breaks through the soil surface there is a sharp decrease in 
respiration which is concurrent with the beginning of photosynthesis (Figure 
4.2). Water absorption increases steadily as new roots continue to grow in order 
to provide water, nutrients, and support for the new plant. Plants can store 
reserves in two different ways, in dicots cotyledons act as the storage tissue 
source, whereas monocots utilize the endosperm. The initial growth of the dicot 
seedling follows two growth patterns, epigeous and hypogeous. With epigeous 
germination the hypocotyl elongates and brings the cotyledons above the 
ground (Figure 4.3), whereas during hypogeous germination the epicotyl 
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Figure 4.3. Epigeous cherry seed germination; cotyledons are above ground (from 
Hartmann et al. (1990». 
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Figure 4.4. Hypogeous peach seed germination; cotyledons remain below ground 
(from Hartmann et aI. (1990». 

Figure 4.5. Germination of barley seeds showing special pattern of germination by 
grasses (from Hartmann et al. (1990». 
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emerges and the cotyledons remain below the soil surface (Figure 4.4). In 
monocotyledenous plants the coleoptile and coleorhiza enclose the plumule and 
radicle, respectively. The first structures to emerge from the seed coat are the 
coleoptile and coleorhiza which act as a protective sheath. As growth of the 
seedling progresses, the first foliage leaf and radicle emerge through these 
structures to produce the stems and roots (Figure 4.5). 

CONTROL OF GERMINATION 
AND SEEDUNG GROWTH 

There is a great deal of experimental evidence in the literature showing that 
endogenous growth-promoting and growth-inhibiting compounds are directly 
involved in seed germination (Bewley and Black 1985; Lewak 1985; Lalonde 
and Saini 1992; Sharma et al. 1992; Whitehead and Nelson 1992; Cocucci and 
Negrini 1991; Kovac et al. 1993; Ni and Bradford 1993; Gallego et al. 1991; 
Kermode 1990). Evidence for involvement of the different plant growth sub
stances alone and in combination (Bewley and Black 1985; Khan 1975) is 
based on correlations of their endogenous concentration with specific develop
mental stages, effects of exogenous applications, and the relationship of plant 
growth substances to metabolic activity. Plant growth substances have also 
been implicated in postgermination events such as reserve mobilization (Hal
mer 1985; Munoz et al. 1990), root growth (Torrey 1962; Wightman et al. 
1980; Macisaac et al. 1989), hypocotyl growth (Sawbney and Srivastava 
1974), cotyledon size and weight (Gallego et al. 1991) and chlorophyll syn
thesis in cotyledons (Parthier 1979). Although there are numerous reports 
showing that plant growth substances are involved in seed germination and 
subsequent growth their specific roles are still obscure. In order to have a better 
understanding of the functions of plant growth substances during these pro
cesses, it is important to identify and quantify them from imbibition through 
growth of the seedling. Methods for the identification and quantification of 
plant growth substances during recent years have made considerable strides. 
However, there are still a limited number of studies on changes in plant growth 
substance levels during germination and subsequent growth of the seedling. 
Before defmitive statements can be made on the role of plant growth substances 
during these processes more comprehensive studies on their quantification is 
required. 

Specific Plant Growth Substances 

Gibberellins and Abscisic Acid. Gibberellins are a class of plant growth 
substances which are most directly implicated in the control and promotion of 
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germination (Takahashi et a1. 1992; Karssen et al. 1983; Groot and Karssen 
1987; Groot et al. 1988; Mayer and Poljakoff-Mayber 1989). Abscisic acid 
(ABA), however, has been documented to inhibit seed germination (Addicott 
1983; Creelman 1989; Mayer and Poljakoff-Mayber 1989) acting as a natural 
gibberellin antagonist. Recent research involving ABA-deficient mutants of 
Arabidopsis thaliana and Lycopersicon esculentum has provided definitive evi
dence that endogenous levels of ABA are involved in the regulation of seed 
germination (Karssen et al. 1983, 1987; Reid 1990). Under the proper condi
tions ABA-deficient mutants have been shown to exhibit vivipary, which is a 
phenomenon of precocious germination before maturity, indicating that ABA 
has a role in preventing precocious germination of developing embryos. ABA
deficient mutants produce nondormant seeds that germinate rapidly; whereas 
GA-deficient seeds will not germinate without exogenous application of GA, 
and germination percentage increases along with the GA concentration (Kar
ssen et al. 1983, 1987; Groot and Karssen 1987, 1992; Groot et al. 1988). 

Seed germination is sensitive to both endogenous plant growth substances 
and the environment. Both ABA and reduced water potential together with their 
interactions have been evaluated in several plant species. The inhibitory effect 
of exogenous applications of ABA to seeds is similar and additive with reduced 
water potential (Schopfer and Plachy 1985; Welbaum et al. 1990; Ni and 
Bradford 1992). High levels of ABA in seeds have been shown to promote 
increased sensitivity of seeds to reduced water potential, thereby reducing their 
ability to germinate. More recently, it was shown by the same group that ABA
and GA-dependent changes in seed dormancy and germination rates which are 
due to endogenous or exogenous plant growth substances are based primarily 
on corresponding shifts in the threshold water potential for radicle emergence 
(Ni and Bradford 1993). 

Cytokinins. There have been many reports showing that cytokinins have 
a regulatory role in seed germination (Mayer and Poljakoff-Mayber 1989). It 
has been demonstrated in Cicer arietinum seeds that the embryonic axis 
supplies cytokinins to the cotyledons for the first 12 hours after the start of 
imbibition. During this time there is a mobilization of reserve materials re
quired for the germination process (Gepstein and Ilan 1980; Munoz et al. 1990; 
Martin et al. 1987; Pino et al. 1990, 1991). Exogenous applications of 
cytokinins have also been shown to be involved in germination of Scotch pine 
seeds (Kovac et al. 1993). In another study it was shown that Scotch pine seeds 
require red light for maximum germination (Nygren 1987) and that a short 
pulse of red light increased levels of 2-isopentyladenine, further implicating 
cytokinins (Qamaruddin and Tillburg 1989). Zeatin riboside-type cytokinins 
have also been implicated in the regulation of growth which takes place after 
germination (Qamaruddin 1991). 



Chap. 4 Seed Germination and Seedling Growth 115 

Ethylene. Vacha and Harvey (1927) were the first to show that ethylene 
promoted seed germination. Since this time there have been a number of reports 
showing that exogenous applications of ethylene or ethylene-releasing agents 
such as ethephon can stimulate this process in a number of species (Ketring 
1977; Taylorson 1979; Bewley and Black 1982; Abeles et al. 1992; Adkins and 
Ross 1981; Corbineau et al. 1989; Hoffman et al. 1983; Saini et al. 1989; Satoh 
and Esashi 1982; Walker et al. 1989; Lalonde and Saini 1992). Additional 
evidence supporting the involvement of ethylene in seed germination is found 
in several reports showing an increase in ethylene production prior to seed 
germination or a lower level of ethylene evolution from dormant rather than 
nondormant seeds (Ketring and Morgan 1972; Katoh and Esashi 1975; 
Kepczvnski and Rudnicki 1975; Ketring 1977; Adkins and Ross 1981; Cardoso 
and Felippe 1987; Corbineau et al. 1989; Dunlap and Morgan 1977). More 
recently the use of ethylene biosynthesis and action inhibitors have provided 
further evidence for the involvement of endogenous ethylene in seed germina
tion (Satoh et al. 1984; Abeles 1986; Saini et al. 1986, 1989; Khan and Huang 
1988; Khan and Prusinski 1989). Arabidopsis thaliana mutants (etr) are insen
sitive to ethylene and seeds from these plants exhibit lower germination rates 
than seeds from the wild type, further supporting the involvement of ethylene 
in seed germination (Bleecker et al. 1988). 

Although carbon dioxide is thought to be an inhibitor of ethylene action it 
has been shown to stimulate germination. When CO2 is used in combination 
with ethylene there is an additive effect in the promotion of ethylene produc
tion, indicating that both of these compounds have different modes of action 
(Abeles et al. 1992). There are also a number of other factors which have been 
shown to stimulate germination such as aging, phytochrome, temperature, 
cytokinins, gibberellins, fusicoccin (a fungal toxin), and nitrate. Ethylene has 
not been shown to be involved in the stimulation of lettuce seed germination 
by cytokinin (Khan and Prusinski 1989), fusicoccin (Abeles 1986), or gibberel
lin (Dunlap and Morgan 1977). Although there is a great deal of evidence 
showing that ethylene is involved in seed germination, it is still not clear if the 
effect is widespread throughout the plant kingdom and what its mechanism of 
action is (Abeles et al. 1992; Lalonde and Saini 1992; Mayer and Poljakoff
Mayber 1989). 

Others. Potassium nitrate, thiourea, fusicoccin, cotylenin, brassinolide, and 
strigol have been shown to stimulate germination in specific test systems; 
however, their role remains unclear. Potassium nitrate has been used in seed 
testing laboratories for many years but its action is unknown (Hartmann et al. 
1990). Thiourea has the ability to maximize germination and overcome certain 
types of dormancy such as seed coat and high-temperature inhibition (Thomas 
1977; Mayer and Poljakoff-Mayber 1989); it is thought that its promotive 



116 Chap. 4 Seed Germination and Seedling Growth 

effects may be due to its cytokinin activity. Both fusicoccin and cotylenin 
(Khan 1977) have been reported to mimic the stimulatory effect promoted by 
the combination of GA plus cytokinin. Brassinolide has been shown to speed 
germination of witchweed (Striga asiatica) seeds by reducing the conditioning 
period required. In a subsequent study, brassinolide was shown to eliminate the 
inhibitory effects of IAA and light on seed germination in witchweed seed 
(Takeuchi et al. 1991). Strigol, a natural stimulant from sorghum has also been 
shown to induce germination of witchweed seeds (Katsumi et al. 1987). At the 
present time the mechanism of action of each of the previously mentioned 
compounds remains unknown until further research is done in this area. 

ENVIRONMENTAL FACTORS AFFECTING SEED 
GERMINATION 

Water 

Water is the most important factor in the initiation of seed germination and 
survival of the seedling once it emerges. The osmotic potential in the soil 
solution depends on the presence of solutes (salts). Under high salinity condi
tions salts accumulate to toxic levels, making the osmotic potential of the soil 
very negative, resulting in a reduction of water uptake which inhibits germina
tion and causes a reduction in seedling stands (Ayers 1952). These salts 
originate in the soil or other germination medium used, they can be added in 
the irrigation water or through fertilization. A lack of water in the soil during 
the germination process can reduce the germination percentage due to water 
stress (Doneen and MacGillivray 1943; Hanks and Thorp 1956). Seeds will 
germinate over a wide range of soil moisture conditions from field capacity to 
permanent wilting. However, there is generally a decline in the emergence rate 
as the moisture level drops to halfway between field capacity and the perma
nent wilting point. There are cases where some seeds such as beet, endive, 
lettuce, or celery are inhibited as moisture levels are decreased because they 
require leaching to remove inhibitors. However, in some species (e.g., spinach) 
exposure to excess water results in the production of a substance which reduces 
oxygen supply to the embryo and elevates inhibitory substances in the seed 
which reduce germination (Atwater 1980; Heydeker 1977). 

Temperature 

Temperature regulates the rate of germination, germination percentage, and 
subsequent seedling growth. In general the germination rate is low at reduced 
temperatures but increases as the temperature rises to an optimum level beyond 
which there is a reduction due to seed injury. On the other hand the germination 
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percentage may remain constant over the middle part of this temperature range 
if enough time is allowed for germination to occur. All seeds have a minimum, 
optimum and maximum temperature for germination, but these temperatures 
differ between species. The minimum temperature is the lowest temperature 
which will permit effective germination, whereas the maximum temperature is 
the highest temperature at which germination will occur. The optimum tem
perature for seed germination is when the largest percentage of seedlings are 
produced at the highest rate. It should be noted that the optimum temperature 
for seed germination and seedling growth is not always the same. Seeds from 
different species can be broken down into several temperature-requiring groups: 

1. Cool-temperature-tolerant will germinate at temperatures as low as 4.5°C but will 
also germinate at higher temperatures, e.g., broccoli, carrot, cabbage, and alys
sum. 

2. Cool-temperature-requiring seeds such as coleus, primula, and delphinium will not 
germinate at temperatures higher than 25°C. 

3. Warm-temperature requiring seeds will fail to germinate and/or are susceptible to 
chilling injury at temperatures between 10° and 15°C, e.g., tomato, beans, sor
ghum, eggplant, and cucumbers. 

4. Alternating temperatures are required for some seeds. Fluctuating day-night tem
peratures (generally a 10°C difference) are required for optimal seed germination 
and growth. 

Aeration 

In order to obtain rapid and uniform germination, gas exchange in the 
germination medium is essential. Oxygen is required for normal respiratory 
processes to occur in the germinating seed and should be maintained as close 
to 21 % as possible. Carbon dioxide is a product of respiration and when gas 
exchange is poor can accumulate in the soil, resulting in an inhibition of 
germination. Seeds from different plant species vary in their oxygen require
ments for germination with some requiring 21 % and others being able to 
withstand very low oxygen tensions and still grow. 

Ught 

It has been recognized since around the mid-nineteenth century that light is 
a critical factor controlling germination (Crocker 1930). The photochemically 
reactive pigment phytochrome which is widely distributed in plants has been 
shown to be involved in the mechanism of light sensitivity in seeds (Bewley 
and Black 1985; Taylorson and Hendricks 1977). When an imbibed seed is 
exposed to red light (660-760 nm) phytochrome (P) changes to Pfr which 
promotes germination, whereas exposure to far-red light (760-800 nm) promo-
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Pbytocbrome 660 
(red absorbing) 

Red light promotes 
germination 

Far-red light inhibits 
germination 

Pbytocbrome 730 
(far-red absorbing) 

Figure 4.6. Effects of red and far-red light on the photochemically reactive pigment 
phytochrome and lettuce seed germination. 

tes a shift to the alternate form P" which inhibits germination (Figure 4.6). 
These changes occur very rapidly and can be repeated many times with the last 
treatment being the one which is effective (Borthwick et al. 1954) (Table 4.1). 

The membranes of the seed coats and/or the endosperm act as light sensors; 
once removed light control disappears. Cytokinins have been shown to be 
involved in the phytochrome response, having the ability to overcome the 
inhibitory effect of far-red light in lettuce seeds (Miller 1956) (Table 4.2). 
Abscisic acid will inhibit germination in both the light or dark and GA has no 
effect on overcoming the dark inhibition but will speed germination in the light. 

Table 4.1. Effects of red and far-red light on Grand 
Rapids lettuce seed germination (Borthwick et aI. 1954). 

Light 

R 
R-FR 
R-FR-R 
R-FR-R-FR 
R-FR-R-FR-R 
R-FR-R-FR-R-FR 

% Germination 

70 
6 

74 
6 

76 
6 

Table 4.2. Effects of kinetin on the phytochrome response in lettuce seeds 
(Miller 1956). 

Kinetin (M) Light treatment % Germination 

0 dark 8 
5 x 10-5 dark 84 
0 8 minutes red 96 
0 5 minutes red-8 minutes far-red 5 
5 x 10-5 8 minutes far-red 86 
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PRIMING AND SEED SOAKING 

Procedures described in this section are used to initiate germination prior to 
planting in order to shorten the time to emergence, improve stand uniformity, 
and overcome potentially adverse conditions in the seedbed. 

Soaking 

In order to speed up the germination process seeds are sometimes soaked in 
water prior to planting. Most herbaceous species will show a beneficial effect 
of short-term soaking. It should be cautioned that longer soaking periods will 
lead to adverse effects due to injury of the seed (Norton 1986; Heydeker 1977; 
Mayer and Poljakoff-Mayber 1989). If it is necessary to soak the seeds for long 
periods of time the water which the seeds are being soaked in should be 
vigorously aerated. 

Osmotic Priming 

Osmotic priming involves the imbibition of dry seed with a solution that has 
a high osmotic potential. This process allows water to enter the seed while still 
maintaining a low osmotic potential, thereby initiating metabolic activities 
leading to germination, but prevents or delays emergence of the radicle (Khan 
1977; Cantliffe et al. 1981; Mayer and Poljakoff-Mayber 1989; Frett et al. 
1991). Inert compounds such as polyethylene glycol are usually used while in 
some cases salt solutions have been used, even though they may sometimes be 
cytotoxic (Akers and Holley 1986; Bradford 1986). 

Infusion 

This procedure utilizes organic solvents for the incorporation of chemicals 
such as growth regulators, fungicides, insecticides, antibiotics, and herbicidal 
antidotes into the seed (Khan 1978). The compound to be infused into the seed 
is first solubilized in an organic solvent (acetone or dichloromethane). The 
seeds are then immersed for one to four hours (the length of time varies with 
species) in the organic solvent containing one or more of the previously 
mentioned compounds. The solvent is removed by evaporation and once dry 
the seeds are stored until needed. Upon imbibition of water the incorporated 
chemical is directly absorbed into the embryo and utilized. 

Fluid Drilling 

This system utilizes seeds which have been treated, pregerminated, sus
pended in a gel, and placed in special machines which deposit a designated 
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number of seeds per hole in the soil by an automated process (Salter 1978; 
Gray 1981). Seeds are pregerminated under conditions of aeration, light, and 
optimum temperatures for the species. They are typically placed in glass jars 
or plastic columns containing water which is continuously aerated and fresh 
water continuously supplied to prevent any buildup of inhibitors or pathogens 
which may accumulate and inhibit the germination process. Although fluid 
drilling is considered by most to be more beneficial then direct seeding for a 
number of reasons it has one restriction which is a requirement for high
percentage germination and uniform radicle length. This is important because 
if there are seedlings which are too large they will clog the fluid drilling 
apparatus. High-percentage uniform germination has been obtained by pretreat
ing seeds with GA prior to adding them to the gel, thereby overcoming one of 
the main restrictions for fluid drilling (Coronel and Motes 1982). Growth 
regulators, fungicides, and other chemicals have also been shown to have 
beneficial effects when added during imbibition (Ghate et al. 1984; Coronel 
and Motes 1982). It has also been shown that chilling thermodormant celery 
seeds has the ability to promote uniform radicle emergence without injury and 
can be used for fluid drilling (Furatani et al. 1985). Another possible way to 
overcome this problem with seedlings which are too large is to separate ger
minated seeds from those which have not germinated by density separation 
(Taylor and Kenny 1985). There are a number of gels commercially available 
today. Among the materials used are sodium alginate, hydrolyzed starch-poly
acrylonitrile, guar gum, and synthetic clay. At the present time, which gel 
provides the best results is still open to question. 
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5 
Rooting CHAPTER 

The ability of many plants and plant parts to form roots from cuttings under 
the proper conditions is important in the propagation of many species. Plant 
parts such as stems, roots, or leaves can serve as cutting sources for propagation 
when combined with the proper chemical, mechanical, and/or environmental 
conditions. One of the main benefits of using this type of asexual propagation 
is that the new plant produced is identical to the parent plant. There is a wide 
range of adventitious root-forming ability in plants which can be from very 
easy to root to those which will not root at all (Davis and Haissig 1994). In 
this chapter the adventitious root formation process in plants and how plant 
growth substances and/or other factors are involved will be presented. 

ANATOMICAL BASIS 
FOR ADVENTITIOUS ROOT FORMATION 

Stems 

Adventitious rooting may be defined as the formation of roots at locations 
other than where roots occur under natural conditions. Their formation can be 
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broken down into two types: wound-induced and preformed. Wound-induced 
adventitious roots develop only following wounding (e.g., detachment from the 
parent plant). It is generally accepted that wound-induced roots are de novo 
produced (Davies et a1. 1982). After the cutting is made the wound healing 
process begins very rapidly (Cline and Neely 1983). During this process the 
outer cells die forming a protective surface together with xylem plugging, 
thereby preventing desiccation and pathogen entry. The cells behind this pro
tective covering divide and within a few days a layer of parenchyma cells 
( callus) form a wound periderm. Callus typically proliferates at the base of the 
cutting, however, it is not essential for adventitious rooting. The formation of 
callus and roots are independent of each other even though they generally occur 
simultaneously under the proper conditions. Following periderm formation cells 
near the vascular cambium and phloem will then divide followed by the 
initiation of adventitious roots. The developmental anatomical changes which 
occur during wound-induced de novo adventitious root formation can be broken 
down into four stages: 

1. Dedifferentiation of specific differentiated cells 

2. Formation of root initials from cells near vascular bundles or vascular tissue 
which have become meristematic by dedifferentiation 

3. Development of root initials into organized root primordia 

4. Growth and emergence of root primordia both outward and toward vascular 
tissues where conducting connections are made (Hartmann et al. 1990). 

Preformed, also called latent, root initials, as the name implies, develop 
naturally on plant parts which are still attached to the parent plant. Although 
emergence prior to detachment can occur (Lovell and White 1986), in general 
such root initials lie dormant until cuttings are made and placed under envi
ronmental conditions favorable for further development and emergence. 
Preformed root initials typically occur in easy-to-root genera such as Salix. The 
origin of preformed root initials is similar to wound-induced adventitious root 
formation (Lovell and White 1986). Adventitious roots in herbaceous plants 
usually originate just outside the vascular bundles (Preistley and Swingle 
1929), but the tissues involved at the site of origin can vary depending upon 
the kind of plant (Hartmann et al. 1990). In woody perennial plants, adventi
tious roots in stem cuttings usually originate from living parenchyma cells, 
primarily in the young secondary phloem, but they sometimes arise from 
vascular rays, cambium, phloem, lenticels, or pith (Lovell and White 1986; 
Ginzburg 1967) (Figure 5.1). 

Leaf Cuttings 
There are plant species which can be propagated from leaf cuttings although 

the origin of new shoots and roots from them is highly variable. In leaf cuttings, 
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Figure 5.1. Cross section of a stem showing where adventitious roots typically orig
inate. Young, herbaceous, dicotyledonous plant (left) and young, woody plant (right) 
(from Hartmann et al. (1990». 

roots and shoots can develop from both primary and secondary meristems. An 
example of primary meristems is with either attached or detached leaves from 
Bryophyllum plants. These plants develop from latent primary meristems 
(groups of cells directly descended from embryonic cells) that have never 
ceased to be involved in meristematic activity. Small plants develop from 
notches around the leaf margin following the detachment of the leaf and 
placement on moist rooting medium under the proper environmental conditions 
(Figure 5.2). 

More commonly leaf cuttings develop new plants from secondary meristems 
( e .g., Saintpaulia), also called wound meristems, which have differentiated and 
functioned in some previously differentiated tissue system, and then dediffer
entiate into new meristematic zones, resulting in the regeneration of new plant 
organs (Hartmann et al. 1990). 

Root Cuttings 

The development of adventitious roots and shoots must take place in order 
to form plants from root cuttings (Robinson 1975). The production of a new 
plant from root cuttings occurs in different ways, depending upon the species 
used. The most common way is for the root cutting to first produce an adven
titious shoot followed by root formation which typically occurs at the base of 
the new shoot. Root cuttings taken from young seedlings have been shown to 
be more successful than from mature plants, the exact reason for this is 
unknown. In young roots, buds typically arise endogenously in the pericycle 
near the vascular cambium, whereas in older roots, buds arise exogenously 
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Figure 5.2. Development of plants from primary meristems found in notches in the 
leaf margin of Bryophyllum plants. 

from callus-like growth. One disadvantage of using root cuttings is that the new 
plant produced can be different from the parent, thereby removing one of the 
benefits of asexual reproduction (Hartmann et al. 1990). 

POLARITY OF ROOT AND SHOOT FORMATION 

Roots and shoots typically show a great deal of polarity with respect to their 
formation. Stem cuttings form shoots close to the shoot tip (distal) and roots 
form nearest the junction between the shoot and root (proximal). Root cuttings 
generally form roots at the distal end and shoots at the proximal end. In leaf 
cuttings both roots and shoots generally arise from the base of the cutting. 
Polarity observed with respect to adventitious root initiation has been correlated 
with auxin movement supporting the role of auxin in root initiation (Hartmann 
et al. 1990). 2, 3, 5 - triiodobenzoic acid (TIBA), an auxin antagonist, inhibits 
rooting by inhibiting basipetal transport of IAA and subsequent rooting. Al
though this compound has no commercial value, it has been used by researchers 
as a basic tool to study the role of IAA in adventitious rooting. 
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PHYSIOLOGICAL BASIS OF ADVENTITIOUS ROOT 
FORMATION IN CUlTINGS 

Effects of Plant Growth Substances 

Von Sachs (1882) postulated that there was a substance or substances in 
leaves, buds, and/or cotyledons of plants that moved to the roots and stimulated 
rooting. This hormone substance was termed rhizocaline by Bouillene and 
Went (1933) and today still remains a hypothetical compound. Different 
classes of plant-growth-promoting substances, including auxins, cytokinins, 
gibberellins, ethylene, brassinolide, as well as inhibitory substances such as 
abscisic acid, growth retardants, and phenolics, influence root initiation. To 
date, auxins have been shown to have the greatest effect on rooting and are 
commercially used today. Much of the research on plant growth substance 
involvement in rooting has dealt with the relationship between the known 
compounds and the search for new promotive or inhibitory compounds; how
ever, a common problem associated with evaluating the effects of plant growth 
substances on the rooting process is a high degree of variability. Some factors 
which may be responsible for this variability are: 

1. Environmental conditions and nutrition of the parent plant and the cutting follow
ing its removal. 

2. Handling of the cutting following removal from the parent plant. 

3. Concentration range selected, method of application, and specific substance used, 
e.g., GAl or G~, zeatin or isopentyladenine. 

4. Stage of the rooting process applied. 

5. Interactions between known and unknown plant growth substances. 

When viewing the current results in the literature and when planning future 
experiments in this area variability encountered during the rooting process must 
be taken into consideration. In order to better understand the rooting process 
future studies on changes in endogenous levels of plant growth substances 
during all stages of adventitious root formation and elongation are necessary. 

Auxins. Thimann and Koepfli (1935) identified growth-promoting and 
root-forming substances in plants. They also demonstrated the practical use of 
indole-3-acetic acid (IAA) in the stimulation of root formation on cuttings. In 
the same year two synthetic auxins, indole-3-butyric acid (rnA) and naph
thaleneacetic acid (NAA), were shown to be even more effective than the 
naturally occurring IAA for rooting (Tbimann 1935; Zimmerman and Wilcoxon 
1935). Since this time there have been numerous reports indicating that auxin 
is involved in the initiation of adventitious roots (Figure 5.3) and that division 
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Figure 5.3. Effects of auxin treatment on adventitious root initiation and growth in 
mung beans, auxin-treated (left) and untreated (right) (courtesy of C. W. Heuser). 

of root initials is dependent either upon exogenous or endogenous auxin. Even 
though there are a number of studies indicating that auxins have a promotive 
effect on rooting there are exceptions which show that it either has no effect 
on root elongation or is inhibitory at higher concentrations (Hartmann et al. 
1990; Blazich 1989; Flygh et al. 1993; Blakesley and Chaldecott 1993; Blakes
ley et al. 1991). In addition to either exogenous or endogenous auxin effects 
it has been suggested that the sensitivity (responsiveness) of the cuttings to 
auxin may also be very important (Trewavas 1981, 1991; Blakesley and Chal
decott 1993). The concept of plant tissue sensitivity to plant growth substances 
was presented by Trewavas (1981) and since that time has been the subject of 
much debate (Trewavas 1991). The theory stated is that in most cases, sensi
tivity to plant growth substances is more important than their actual concen
tration. Experimental evidence from studies with transgenic plant tissues have 
shown that transfer of the Ri (root-inducing) plasmid into plant tissues in
creased their sensitivity to auxin (Shen et al. 1988; Maurel et al. 1991; Blakes-
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ley and Chaldecott 1993). The controlled expression of these genes may some
day offer some insight on the role of plant growth substances in the process of 
root initiation (Blakesley and Chaldecott 1993). Although the search for new 
auxins which have a stimulatory effect on rooting continues, IBA and NAA are 
still the most commonly used auxins on a commercial basis (Blazich 1989) 
(Table 5.1). 

Cytokinins. Since the classical work of Skoog and Miller (1957) which 
showed that high cytokinin-to-auxin ratios promoted shoot growth and inhibited 
root development it has been thought that cytokinins always have an inhibitory 
effect on root growth. There have been reports in the literature supporting that 
cytokinins inhibit root formation, one of which shows that cuttings from species 
with high endogenous levels of cytokinins are more difficult to root than those 
with low cytokinin levels (Okoro and Grace 1978). Experiments where 
exogenous applications of synthetic cytokinins are applied indicate that root 
initiation is inhibited in stem cuttings (Mok and Mok 1994; Hartmann et al. 
1990). To date none of the commercially available formulations for the induc
tion of roots contains cytokinins (Blazich 1989; Berry 1984; Dirr 1981), further 
supporting the claim that exogenous applications of cytokinins are not benefi
cial to adventitious root formation (van Staden and Harty 1989). Even though 
there are reports that cytokinins are inhibitors or have no promotive effect on 
root formation this may be misleading (van Staden and Harty 1989). There are 
a limited number of examples in the literature which show that exogenous 
applications promote adventitious root formation (Meredith et al. 1970; Nemeth 
1979; Eriksen 1974; Heide 1965), indicating that the influence of cytokinins 
in root initiation may depend upon a number of factors outlined earlier in order 
to have a promotive or inhibitory effect (Hartmann et al. 1990; Blazich 1989; 
Bollmark and Eliasson 1986; van Staden and Harty 1989). At the present time, 
results on changes in endogenous levels of the more then 30 known cytokinins 
are limiting and more research is necessary to better understand changes in 
cytokinin levels from root initiation through elongation of the root. 

Gibberellins. Exogenous applications of gibberellins have been shown to 
inhibit adventitious root formation in many species, with the inhibition becom
ing greater with increasing concentrations of GA3 from 1 J.1m and higher. There 
have also been reports, although a lesser number, which show that under 
specific conditions gibberellins enhance root formation (Batten and Goodwin 
1978; Hartmann et al. 1990; Hansen 1987). It may be suggested that differ
ences in responsiveness could be due to the species used, however, both 
inhibition and stimulation have been shown in the same species. It appears that 
the responsiveness of a given plant to gibberellins is affected by a number 
factors mentioned earlier for all plant growth substances used in the promotion 
of rooting. Another complicating factor which is encountered when evaluating 
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Table 5.1. The company, formulation, trade name and active ingredient for some 
commercial rooting formulations (Blazich 1989). 

Company 

ACF Chemiefarma, The 
Netherlands 

Brooker Chemical Corp., 
North Hollywood, CA 

MSD-AGVET, Rahway, NJ 

Hortus Products, 
Newfoundland, NJ 

RHONE-POULENC, Re
search Triangle Park, NC 

Coor Farm Supply, 
Smithfield, NC 

ALPKEM Corp., 
Clackamas, OR 

Wilson Lab., Ontario, 
Canada 

Earth Science Products, 
Wilsonville, OR 

Formulation 

Powder 

Powder 

Powder 

Powder 

Powder 

Powder 

Liquid 

Liquid 

Liquid 

Liquid 

Trade name 

CHRYZOPON 
CHRYZOTEK 
CHRYZOSAN 
CHRYZOPLUS 
RHIZOPON A 
RHIZOPON A 
RHIZOPON A 
RHIZOPONB 
RHIZOPONB 
RHIZOPON AA 
RHIZOPON AA 
RHIZOPON AA 
RHIZOPON AA 
RHIZOPON AA 

Hormex No.1 
Hormex No.3 
Hormex No.8 
Hormex No. 16 
Hormex No. 30 
Hormex No. 45 

Hormodin 1 
Hormodin 2 
Hormodin 3 
Hormo-Root A 
Hormo-Root B 
Hormo-Root C 

Rootone 

C-mone 
C-mone 

DIP'N GROW 

Roots 

Wood's Rooting 
Compound 

Active 
ingredients 

0.1% rnA 
0.4% rnA 
0.6% rnA 
0.8% rnA 
0.5% IAA 
0.7% IAA 
1.0% IAA 
0.1% NAA 
0.2% NAA 
0.5% rnA 
1.0% rnA 
2.0% rnA 
4.0% rnA 
8.0% rnA 

0.1% rnA 
0.3% rnA 
0.8% rnA 
1.6% rnA 
3.0% rnA 
4.5% rnA 

0.1% IBA 
0.3% rnA 
0.8% rnA 
0.1% rnA 
0.4% rnA 
0.8% rnA 

0.1% rnA and 
0.2% NAM 

1.0% IBA 
2.0% rnA 

1.0% rnA and 
0.5% NAA 

0.4% rnA 

1.03% rnA and 
0.51% NAA 
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the effects of gibberellins on rooting is that GA3 is the only gibberellin that has 
been extensively studied with respect to rooting and only a limited number of 
studies have been conducted with other gibberellins (Hansen 1987). Consider
ing that there are more than 90 gibberellins known today (Takahashi et al. 
1991) it is very important to know if gibberellins have an effect in a given 
system and if they do which gibberellin has the largest promotive effect. In 
order to gain a better understanding of how gibberellins alone and in combi
nation with other plant growth substances are involved in the rooting process 
additional research is necessary (Hansen 1987). 

Abscisic Acid and Growth Retardants. Most of the research on abscisic 
acid (ABA) effects on adventitious rooting have utilized exogenous applica
tions instead of measuring endogenous levels during root initiation and subse
quent growth. In many cases ABA, which is a naturally occurring compound, 
has been shown to counteract the effects of gibberellins and inhibit shoot 
growth. There are conflicting reports on the effects of ABA on adventitious 
rooting (Hartmann et al. 1990; Davis 1989) depending upon a variety of factors 
mentioned earlier and the promotive effect on rooting has been shown to be to 
small and inconsistent to be of any commercial value at the present time (Davis 
1989). 

There are also a number of synthetic compounds which act as growth 
retardants including chlormequate chloride (CCC), paclobutrazol (PP333, 
Bonzi), XE-1019 (a triazole growth retardant related to PP333), morphactins, 
ancymidol (Arest), gonadotropins, daminozide (SADH, Alar), flurprimidol, 
and others (Hartmann et al. 1990; Davis 1989) which have been shown to 
influence adventitious rooting. Growth retardants are sometimes called antigib
berellins because they inhibit gibberellin biosynthesis which reduces gibberellin 
levels and causes a decrease in shoot growth. Therefore, it has been suggested 
that their ability to promote rooting is due to their effect on the reduction of 
endogenous gibberellin levels and shoot growth (Hartmann et al. 1990). To 
date, growth retardants are not commercially used because of their small and 
typically inconsistent effects on rooting (Davis 1989). 

Ethylene. In the 1930s scientists at the Boyce Thompson Institute for Plant 
Research discovered that ethylene and ethylene analogs stimulate adventitious 
root formation (Zimmerman et al. 1933; Zimmerman and Hitchcock 1933). 
This discovery was made prior to research by Thimann and Went (1934) which 
showed that auxin had a promotive effect on rooting. Auxins have also been 
shown to stimulate ethylene biosynthesis in many plant tissues (Arteca 1990), 
and it has been suggested that auxin-induced ethylene may induce adventitious 
root formation instead of auxin itself (Mudge 1989). There are a number of 
reports in the literature on the effects of ethylene on rooting with some showing 
a stimulation, inhibition, or no effect sometimes within the same genus and 
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species (e.g., Vigna radiata) (Mudge 1989). Rooting promoted by ethylene has 
been reported more frequently in intact plants rather than cuttings, in herba
ceous rather than woody plants, and in plants with preformed root initials rather 
than those without. At the present time it is not known if ethylene is directly 
involved in auxin-induced rooting of cuttings or flood-induced rooting in intact 
plants. This variability is reflected by the fact that ethylene is not widely used 
in commercial plant propagation. The reason for the large degree of variability 
of ethylene on root formation is probably for a wide range of reasons outlined 
in an earlier section of this chapter and is an inherent problem in studying the 
involvement of plant growth substances on adventitious rooting. 

Brassinosteroids. Little is known about the effects of brassinosteroids 
(BR) on root initiation, growth, and development, while nothing is known 
about their occurrence in the roots. In general, BR and auxin have similar 
effects and when applied in combination can act synergistically in many test 
systems (Cutler et a1. 1991). However, with respect to adventitious rooting in 
cuttings they both act very differently BR in most cases strongly inhibits while 
auxin promotes root formation (Roddick and Guan 1991). BR may directly 
inhibit root formation or indirectly affect this process by stimulating ethylene 
production (Arteca et a1. 1988), which has been shown to suppress root for
mation in specific test systems (Mudge 1989). There are also a limited number 
of reports which show that BR can stimulate root growth (Sathiyamoorthy and 
Nakamura 1990; Cerana et al. 1983), although these results must be viewed 
with caution because of the very small increases observed. At the present time 
there is not a great deal of information on the effects of BR on root growth; 
however, the majority of the research thus far strongly supports that it has an 
inhibitory effect (Sakurai and Fujioka 1993). 

Effects of Buds and Leaves 

It was shown by Went (1934) that at least one bud on a pea cutting was 
required for root production. When all buds were removed from peas and 
treated with auxins no roots were formed, suggesting that specific factors other 
than auxins were involved in rooting. This work was later confirmed by others 
with pea cuttings (Mohammed 1975; Eriksen 1973) and in other test systems 
(Hartmann et al. 1990). Leaves have also been shown to have a strong stimu
latory effect on root initiation (Reuveni and Raviv 1981). 

Carbohydrates translocated from the leaves to the roots can strongly con
tribute to root formation; however, the promotive effects of leaves and buds 
are due to more specific factors (Breen 1974). Root-inducing factors contained 
in leaves and buds of easy-to-root cuttings have been extracted and applied to 
difficult-to-root plants, but there have been conflicting results (Hartmann et al. 
1990); therefore, further studies are required to find the rooting plant growth 
substance (rhizocaline) proposed by Bouillene and Went (1933). 
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Co-factors and Endogenous Inhibitors 

In order for rooting to occur, cuttings require the proper balance of plant
growth-promoting substances and a number of known and unknown cofactors. 
As mentioned in the previous section leaves are typically required for success
ful rooting to occur and are thought to contain the necessary components which 
promote or inhibit rooting. Sugars, nitrogenous compounds, phenolic com
pounds, and others have been shown to act as cofactors. Phenolic compounds 
are thought to stimulate the rooting process by protecting IAA from destruction 
by IAA oxidase. In addition to cofactors, it has also been demonstrated that the 
leaves also contain endogenous inhibitors other then ABA which inhibit the 
rooting process, however, work in this area and with cofactors is limited (Hess 
1962, 1968). 

Genetic Transformation to Enhance Rooting 

Genetically manipulating plants to root by using Agrobacterium rhizogenes 
may play an important role in overcoming lack of rooting which occurs nat
urally in many plant species (Hartmann et al. 1990; Blakesley and Chaldecott 
1993). Hairy root disease promoted by A. rhizogenes is characterized by pro
lific adventitious root development. With virulent strains of A. rhizogenes, a 
small portion of T-DNA, contained on a large extrachromosomal plasmid is 
transferred, integrated, and expressed into the plant genome. Virulent A. rhi
zogenes bacteria harbor an Ri (root-inducing) plasmid which contains genes 
involved in the biosynthesis of plant growth substances. In addition to promo
ting elevated levels of plant growth substances such as auxins and cytokinins, 
it has also been shown that specific regions of the Ri plasmid have the ability 
to confer increased sensitivity to auxin in plant tissues (Maurel et al. 1991; 
Shen et al. 1988; Blakesly and Chaldecott 1993). This technique in the future 
may make it possible to vegetatively propagate plant species which in the past 
could only be propagated by using seeds (Strobel and Nachmias 1989); how
ever, before the use of Agrobacterium becomes a reality more research is 
necessary. 

FACTORS AFFECTING ROOTING AND GROWTH 
OF PLANTS FROM CUTTINGS 

Growth of Stock Plants for Cutting Production 

The proper environmental conditions and physiological status of the stock 
plant is very important for successful rooting of cuttings (Figure 5.4). Stock 
plants should have the following optimized: water, temperature, light (intensity, 
photoperiod, quality), nutrition, and CO2 enrichment. 
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Figure 5.4. Effects of water stress on cuttings prior to planting, cuttings were water
stressed (bottom) prior to planting and unstressed (top) (three weeks after planting). 

The water status of the plant should be maintained in order to avoid water 
stress by taking cuttings early in the day to maintain a turgid condition and 
also to avoid a buildup of ABA, ethylene, and other inhibitors which will 
adversely effect rooting (Moe and Anderson 1989). Stock plants should not be 
subjected to extremes in temperatures which will result in water stress because 
this will decrease the rooting potential of cuttings. Light duration, intensity, and 
wavelength have been shown to affect stock plant growth and subsequent 
rooting of cuttings. In fact, seasonal variation of rooting ability of cuttings has 
been linked to light levels which the stock plants are grown under. The effect 
of light levels under which stock plants are grown and the ability of cuttings 
to root are controversial, there are reports showing promotion, inhibition, or no 
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effect of light on rooting (Hansen 1987; Moe and Anderson 1989), although it 
has generally been shown that when stock plants are grown under low light the 
new growth roots more easily (Hartmann et al. 1990). There are several reports 
in the literature which show that the photoperiod under which stock plants are 
grown influences the rooting ability of cuttings; however, it depended upon the 
species used (Moe and Anderson 1989; Hartmann et al. 1990). There are 
conflicting reports on the effects of light quality on stock plant growth and 
subsequent rooting of cuttings (Hartmann et al. 1990). The effects of carbon 
dioxide enrichment of stock plants has been shown to increase the number of 
cuttings which can be harvested from a single stock plant, but there is a lot of 
variation in the rooting response among species. The main reasons for increases 
in cutting yields are increased photosynthesis, higher relative growth rates, and 
greater lateral branching of the stock plants (Moe and Anderson 1989). How
ever, without adequate light supplemental CO2 enrichment is of minimal benefit 
(Molitor and von Hentig 1987). 

The proper nutrition of stock plants has been shown to be very important. 
Very low nitrogen levels lead to reduced vigor, whereas high level of nitrogen 
leads to excessive vigor, either extreme is not good for rooting. At the present 
time it is difficult to interpret the effects of nutrition on rooting since there 
have only been a limited number of studies on the effects of various minerals 
during different stages of adventitious root formation (Blazich 1989) 

Treatment of Cuttings 

Handling of Cuttings. In order to maximize the rooting process it is very 
important to start with high-quality cuttings and this starts with high-quality 
stock plants. Cuttings are typically taken early in the day when they are still 
turgid. If they cannot be planted immediately, they are misted to reduce 
transpiration and held at 4°_8°C until they can be planted. There have been a 
number of studies on storage of unrooted cuttings (Hartmann et al. 1990); 
however, the key point is that once the cutting is taken from the parent plant 
it is very important to maintain its water status and minimize dry matter loss 
and pathogen attack. 

Treatment of Cuttings with Auxins. The discovery that auxins stimulate 
adventitious rooting in cuttings was a major breakthrough for the propagation 
industry. Although IAA is the naturally occurring auxin found in plants, it is 
typically less effective for a number of reasons: 

1. IAA oxidase found in plant tissues will break down IAA, but has little or no effect 
on synthetic auxins such as IBA or NAA. 

2. Plants also possess the ability to conjugate IAA into inactive conjugates such as 
IAA aspartate and others, while synthetic auxins either cannot be conjugated or 
the conjugation occurs at a much slower rate. 
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3. When IAA solutions are kept under nonsterile conditions and/or sunlight they will 
rapidly be destroyed, this is not a problem with synthetic auxins. The acid form 
of auxin is only soluble in water at very low concentrations. In order to solubilize 
higher concentrations of auxin in its acid form it must first be dissolved in a few 
drops of alcohol or ammonium hydroxide prior to slowly adding it to water. In 
many instances auxins in their salt form are better because they are more soluble 
in water, thereby enhancing their effectiveness. 

Unfortunately, auxins are not universal in the stimulation of rooting; in fact, 
there are a number of difficult-to-root species which do not respond to auxin. 
Both IBA and NAA are typically the principal auxins used for rooting cuttings 
because the majority of plant species are responsive to them, however, other 
auxins have also been shown to be effective (Figure 5.5). To determine the 
best auxin, the optimum concentration, etc. for rooting in a given species and 
set of conditions, simple trials are very important; whatever works best should 
be used. 

Benefits of Auxin Treatments. Although auxins are not effective in all 
plant species there are several direct benefits of using auxins. They are: 

1. A higher percentage of cuttings produce roots. 

2. Root initiation is typically quicker. 

3. The number and quality of roots per cutting is increased. 

4. Uniformity of rooting along the length of the cutting in increased (Blazich 1989). 

Treatment Techniques. The trade names of commercial rooting agents 
which are commonly used today are listed in Table 5.1. There are many 
methods for applying sufficient amounts of plant growth substances to a cut
ting, however, at the present time there are three methods which have come 
into widespread practical use. They are: 

1. Application of auxin-talcum powder mixtures. 

2. Dilute solution soaking. 

3. Concentrated solution dip or quick dip (Hitchcock and Zimmerman 1939; Har
tmann et al. 1990). 

Other methods such as insertion of toothpicks soaked with auxin into se
vered roots, application of an auxin-lanolin mixture or auxin starch polyacrylate 
gel mixture to the roots and injection or vacuum infiltration into the roots, have 
been used but not on a commercial basis (Blazich 1989). 

AUXIN TALCUM POWDER MIXTURES. With this method the basal 1-2 em of 
the cutting is either dipped or dusted with an auxin-talcum powder mixture. 
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Figure 5.5. Structural formulas of auxins which are active in the promotion of adven
titious root initiation in cuttings. 
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For the most effective application it is desirable to have the base of the cutting 
moist so the powder will adhere. The main advantages of this method are that 
commercial formulations are readily available and it is a quick and easy 
operation. However, the disadvantage is difficulty in obtaining uniform results 
due to potentially varying amounts of powder applied to individual cuttings 
(Blazich 1989). 

DILUTE SOLUTION SOAKING. The basal 1-2 em of a cutting is soaked in a 
dilute solution (20--500 ppm) of one or more auxins for 2-24 hours and 
following soaking they are planted. This method is not very popular because 
it is slow, special equipment is required, cuttings must be kept under standar
dized environmental conditions, and there are potential problems with the 
spread of disease (Hartmann et al. 1990). 

CONCENTRAlED SOLUTION DIP OR QUICK DIP. The basal 1-2 cm of the cutting 
is dipped for 1-5 seconds in a concentrated solution (500--30,000 ppm) of one 
or more auxins followed by planting. This method is very popular because it 
is economical, fast, and easy, and uniform treatment of bundled cuttings can 
be easily accomplished (Blazich 1989). 

Nutrition and Use of Fungicides During the Rooting 
of Cuttings 

Since rooting is a developmental process it has been difficult to determine 
the effect of nutrition on root primordia initiation vs. root primordia elongation. 
Although there have been a number of studies on nutrition of cuttings during 
rooting no general rule can be formulated and optimum levels of fertilization 
for rooting need to be determined for each specific use. 

During the rooting process cuttings are subject to attack by microorganisms. 
Treatments with fungicides have been shown to give some protection resulting 
in both better survival and improved root quality. This enhancement of rooting 
is dependent on the method of application (drench, soak, incorporation into the 
propagation media), plant species, stage of growth, and environmental condi
tions. It should be noted that it is very important to conduct small-scale trials 
to assess which chemicals best fit the individual propagation system (Hartmann 
et al. 1990). 

Environmental Conditions During Rooting 

The presence of leaves on the cutting has been shown to be beneficial to 
adventitious root formation, however, if the proper water relations are not 
maintained the cutting will not survive. Therefore, it is important to maintain 
an atmosphere with a low evaporative demand on the plant to reduce transpi
rational loss, maintain temperatures which promote root initiation while avoid-
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ing heat stress in the leaves and maintain light levels, suitable for photosyn
thesis and carbohydrate production once root initiation has occurred (Hartmann 
et al. 1990). 
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6 
Dormancy CHAPTER 

The definition of dormancy in a broad sense is, "a temporary suspension of 
visible growth of any plant structure containing a meristem," (Lang 1987). 
However, as mentioned earlier in this text there are three conditions which must 
be fulfilled in order to initiate germination: 

1. The seed must be viable. 

2. The seed must be subjected to appropriate environmental conditions. 

3. Any primary dormancy must be removed. 

In order to distinguish between dormancy imposed by internal and external 
conditions two terms have been used: quiescence, which is a condition where 
the seed or bud is under exogenous control (external conditions such as water 
supply, temperature, or other environmental conditions may be limiting), and 
rest which is the condition where the seed or bud is under endogenous control 
(internal factors prevent growth even though environmental conditions are 
favorable). Dormancy can be broken down to either primary or secondary 
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dormancy and as the names imply primary dormancy typically occurs first 
followed by secondary dormancy. In certain instances even in the absence of 
primary dormancy seeds or buds exposed to adverse environmental conditions 
can develop secondary dormancy which further delays germination or bud 
break. Lang (1987) proposed a system of dormancy terminology which can be 
applied to any plant structure and if used has the potential to clarify some of 
the confusion surrounding dormancy. These terms are: 

Ecodormancy-Dormancy due to one or more unsuitable factors of the environment 
which are nonspecific in their effect. In seeds this term is equivalent to quiescence. 

Paradormancy-Dormancy due to the physical factors or biochemical signals ori
ginating external to the affected structure for the initial reaction, as in apical 
dominance or bud scale effects. In seeds, control would come from any of the 
enclosing structures surrounding the embryo, not restricted to biochemical signals. 
This category could be identified by more rapid germination and normal seedling 
growth following excision of the embryo. 

Endodormancy-Donnancy regulated by physiological factors inside the affected 
structure such as the rest period in buds. In seeds, this type is present if embryo 
excision fails to produce either more rapid germination or normal seedling growth. 

The development, maintenance, and release of dormancy is a very compli
cated process. One might ask if the function of a seed is to form a new plant 
and a bud to form a shoot then why does dormancy exist and why is it such 
a complicated process? The reason is simply in many cases it is not advantage
ous for a seed to germinate or a bud to break, therefore, dormancy acts as a 
survival mechanism, as will become evident in subsequent sections of this 
chapter. Dormancy is observable in many plant parts such as seeds, buds, 
tubers, and others. However, the bulk of the research in this area has utilized 
seeds as an experimental system probably because they are easier to work with 
then other plant parts. For this reason it may appear that this chapter is focusing 
on seed dormancy while in reality it is not, because seed and bud dormancy 
are equally important. 

CATEGORIES OF SEED DORMANCY 

Primary Seed Dormancy 

Physical Dor1llllllcy (Seed-Coat Dor1llllllcy). This type of dormancy is 
caused by seed coverings which are impervious to water and falls under the 
category of paradormancy. It acts as a safety mechanism by preserving the seed 
in the dry state even under warm conditions. Germination can artificially be 
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induced by disrupting the seed coat and allowing water to enter. In nature the 
seed coats are softened by the action of microorganisms, passing through the 
digestive tracts of birds or animals, or by mechanical abrasion, alternate 
freezing/thawing and in some species by fire. Examples of plant families which 
have the genetic characteristic of physical dormancy are: Leguminoseae, Mal
vaceae, Cannaceae, Geraniaceae, Chenopodiaceae, Convolvulaceae, and 
Solanaceae (Hartmann et al. 1990; Kelly et al. 1992; Bewley and Black 1984; 
Mayer and Poljakoff-Mayber 1989). 

MeclumicaJ Dornumcy (Har.Seed Dor1llll1lCY). Mechanical dormancy 
is caused by the seed-enclosing structure being too strong to permit expansion 
of the embryo even though water can penetrate it and falls under the category 
of paradormancy. Germination can artificially be induced by cracking the 
structure covering the embryo or naturally by soil microorganisms. Examples 
of seeds experiencing this type of dormancy are walnut (Juglans), stone fruits 
(Prunus), and olive (Olea) (Hartmann et al. 1990; Bewley and Black 1984; 
Mayer and Poljakoff-Mayber 1989). 

Chemical Dornumcy (Inhibitor DormtlllCy). Chemical dormancy as the 
name implies is caused by germination inhibitors which accumulate in the fruit 
and seed coverings during development and falls under the category of para
dormancy. This type of dormancy can sometimes be overcome by prolonged 
leaching of the seed, removal of the seed coat or both. Examples are Poly
gonaceae, Chenopodiaceae (Atriplex), Portulaceae (Portulaca), Crucifereae 
(Mustard), Linaceae (Flax), Violaceae (Violet), and Labiteae (Lavendula) 
(Hartmann et at. 1990; Bewley and Black 1984; Mayer and Poljakoff-Mayber 
1989). 

Morphological Dornumcy (Rudimentary Embryo or Unde,eloped Em
bryo). Morphological dormancy occurs when seeds are shed from the parent 
plant when their embryos are not fully developed and falls into two categories, 
paradormancy and endodormancy. The embryo begins to enlarge after the seed 
imbibes water and before germination begins. The cause of morphological 
dormancy can be due to two types of embryos: rudimentary embryos, which 
are proembryos embedded into a massive endosperm, such as Ranunculaceae 
(anemone, ranunculus), Papaveraceae (poppy), and Araliaceae (ginseng), or 
undeveloped embryos which are torpedo-shaped and fill up to one-half the size 
of the seed cavity, such as Umbelliferaceae (carrot), Ericacea (rhododendron), 
Primulaceae (cyclamen), and Gentianaceae (gentian) (Atwater 1980). Mor
phological dormancy can be overcome by subjecting seeds to temperatures 
which favor embryo enlargement or treatment with chemicals such as potass
ium nitrate or gibberellic acid. The temperature used and whether or not 
chemicals are effective depends upon the plant used (Hartmann et al. 1990; 
Bewley and Black 1984; Mayer and Poljakoff-Mayber 1989). 
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Physiological Dormancy. Physiological dormancy refers to a general type 
of primary dormancy in freshly harvested seeds from herbaceous plants and 
falls into the paradormancy category. It is thought to be controlled by en
dogenous plant growth substances and environmental cues such as temperature 
and light. Freshly harvested seeds of lettuce and celery are inhibited by tem
peratures above 25°C; this type of dormancy is called thermodormancy. Seeds 
of many species which are temperature sensitive are also light sensitive. In fact, 
some plants including lettuce and many flower crops require either light or dark 
to germinate, these are said to have photodormancy. In order to break physio
logical dormancy seeds should be chilled, subjected to alternate temperatures 
or treated with potassium nitrate and/or gibberellic acid depending upon the 
plant used (Hartmann et al. 1990; Bewley and Black 1984; Mayer and Pol
jakoff-Mayber 1989). 

Physiological Embryo Dormancy 

Physiological dormancy is characterized by factors which directly affect the 
embryo as the name implies. Evidence for a dormant embryo is that the excised 
embryo will generally not germinate normally and when it does germinate it 
produces an abnormal seedling. Examples of plants with physiologically dor
mant embryos are in seeds from trees, shrubs, and some herbaceous plants from 
the temperate zone. Both the seed coat and endogenous conditions within the 
embryo affect physiological embryo dormancy, placing it into both parador
mancy and endodormancy categories (Lang 1987). In order for afierripening 
to occur in seeds with physiological embryo dormancy, the proper moisture 
levels, aeration, chilling temperatures, and time are required; however, these 
conditions will vary with the plant used (Hartmann et al. 1990; Bewley and 
Black 1984; Mayer and Poljakoff-Mayber 1989). 

Double Dormancy 

Double dormancy combines two or more kinds of dormancy and falls under 
paradormancy and endodormancy. In order to promote germination all blocking 
conditions must be removed in the proper sequence. This type of dormancy is 
characteristic of species of trees and shrubs having seeds with hard seed coats 
(Hartmann et al. 1990; Bewley and Black 1984; Mayer and Poljakoff-Mayber 
1989). 

Secondary Seed Dormancy 

Secondary seed dormancy acts as a safety mechanism for the seed by 
preventing germination of an imbibed seed if other environmental conditions 
are not favorable. Conditions which promote secondary seed dormancy include 
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unfavorably high or low temperatures, prolonged darkness (skotodormancy), 
prolonged white light (photodormancy), prolonged far-red light, water stress 
and anoxia (Small and Gutterman 1992). Secondary seed dormancy can be in 
any of the three dormancy groups eco-, para-, or endodormancy. This type of 
dormancy can be overcome by chilling, light and sometimes with plant growth 
substances, particularly gibberellic acid; however, this depends on the plant and 
type of dormancy induced (Hartmann et al. 1990; Bewley and Black 1984; 
Mayer and Poljakoff-Mayber 1989). 

BUD DORMANCY 

Temperate zone perennial woody plants have evolved a dormancy mechanism 
allowing them to survive cold temperatures experienced during the winter 
months. For example, plants that would be killed by a frost can withstand 
temperatures far below freezing in their dormant state (Weiser 1970). The 
initiation, maintenance and release of dormancy in buds involves a complex 
interaction of factors that are genetic, chemical, and environmental. Bud dor
mancy imposed by external conditions such as the environment is called qui
escence and dormancy controlled by internal factors such as genetics and/or 
chemicals is called rest, as is the case with seeds. Even though bud dormancy 
is extremely important in agriculture the amount of progress in this area has 
been slow as compared to the study of seed dormancy as mentioned earlier. 
One of the reasons for this slow progress is that perennial woody plants have 
a wide range of bud types that can become dormant including apical buds, 
adventitious buds and, in some cases axillary buds (Kozlowski 1971). Dormant 
buds can also be found in bulbs, tubers, rhizomes and turions (in aquatic 
vascular plants). The diversity of structures associated with bud dormancy is a 
contributing factor leading to its complexity and resulting in slow progress 
made in this area. In addition, the study of bud dormancy has more technical 
problems associated with it then seed dormancy. In order to study bud dor
mancy the tree or shrub used must be grown and maintained under conditions 
which mimic their annual growth cycle (Figure 6.1), which involves a con
siderable amount of time and effort as compared to the study of seed dormancy, 
which possess less technical problems. 

Temperature and light are two of the most important environmental factors 
regulating bud dormancy, however, moisture, nutrients, and other factors have 
also been shown to control at least the initial steps in the development of 
dormant buds (Powell 1987). Environmental conditions promote changes in 
endogenous factors, which in tum serve as cues to the plant that seasons are 
changing. Plants generally undergo a cessation of plant growth due to quiesc
ence prior to the beginning of physiological bud dormancy. Physiological bud 
dormancy is similar to seed dormancy in the following ways: 
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1. Buds are generally relatively dehydrated when dormant. 

2. Reserve foods, particularly starch, are contained in dormant buds. 

3. Inhibitors are high and promoters are typically low. 

Once dormancy is broken there may be a brief period of quiescence fol
lowed by: 

1. Rehydration of the bud leading to an increase in fresh weight. 

2. Increased respiration. 

3. Increased promoters. 

4. Formation or activation of enzyme systems leading to a breakdown of storage 
materials. 

5. Growth of the bud into a shoot. 

As can be seen by the similarities between bud and seed dormancy many 
of the concepts discussed in the previous section on seed dormancy can also 
be applied to buds. 

CONTROL OF SEED AND BUD DORMANCY 

A considerable amount of evidence exists supporting the concept that en
dogenous plant growth substances are directly involved in the dormancy pro
cess, however, many of the details still remain a mystery (Powell 1987). In 
general there are four phases of dormancy: 

1. Induction-This phase is characterized by a striking decrease in promoter and an 
increase in inhibitor activity. This phase may be triggered or affected by environ
mental factors such as temperature and light. 

2. Maintenance-During this phase, general metabolism and endogenous promoters 
are very low while levels of inhibitors are very high. Fluctuations or changes in 
environmental conditions during this period will not have an immediate effect on 
ending this phase; however, environmental changes may shorten this period, 
causing seeds or buds to sprout prematurely, making them susceptible to injury 
due to environmental conditions such as a frost. 

3. Trigger-This phase is especially sensitive to environmental cues or signals. 
During this time there is a dramatic decrease in inhibitors and a sharp rise in 
promoters. 

4. Germination or bud break-This phase is characterized by high promoters and 
low inhibitors leading to increases in enzyme activity (Figure 6.2). 

The length of each of these phases will depend on the genus and species 
plus many other factors. 
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Effects of Plant Growth Substances 

Experimental evidence supports the involvement of specific endogenous 
plant growth substances in the control of dormancy. Most of the information 
in the literature to date focuses on abscisic acid (ABA), gibberellins, and 
cytokinins with respect to their roles in dormancy; whereas ethylene, auxin, 
and other compounds have been shown to have little or no effect on the rest 
type of dormancy. Additional research on the identification and characterization 
of new inhibitors or promoters involved in dormancy has been slow. The focus 
of this section will be on the known plant growth substances and their involve
ment in seed and bud dormancy, but it must be kept in mind that others 
probably do exist and that an interaction between known and unknown com
pounds effects dormancy. 

Abscisic Acid. Changes in endogenous levels of ABA in buds from the 
initiation through the breaking of rest have been reported in several species 
(Powell 1987; Rodriguez et al. 1991). However, based on this information the 
only conclusion which can be made is that ABA levels decline in buds during 
cold treatment, but it is still not clear if the cold treatment is responsible for 
this decline. Much of the evidence supporting the role of ABA in dormancy 
comes from seeds. As mentioned earlier, the mechanism of dormancy appears 
to be similar between seeds and buds; therefore, it seems safe to extrapolate 
many of the conclusions from one organ to another. At the present time there 
is a considerable amount of evidence in Arabidopsis thaliana indicating that 
the initiation of primary dormancy involves the action of ABA (Hilhorst and 
Karssen 1992), although the mechanism of dormancy in general remains un
known. Dormancy in wild type A. thaliana starts during maturation, but not in 
ABA-insensitive mutants (Karssen et al. 1983). In addition, there is a lesser 
degree of dormancy in ABA-insensitive mutants then the wild type (Koomeef 
et al. 1984). Interestingly, seeds from ABA-insensitive mutants contain higher 
levels of ABA than the wild type. It has been shown that dormancy is initiated 
only when the embryo itself can produce ABA (Karssen et al. 1983; Groot and 
Karssen 1992). This is further supported by studies using Helianthus annus 
which show that applications of fluridone (an ABA synthesis inhibitor) to 
developing seeds prevents ABA synthesis and development of embryo dor
mancy (Le Page-Degivry et al. 1990). However, fluridone does not prevent 
dormancy induction when it is applied after the rise in ABA levels. Evidence 
has also been presented that the induction of dormancy is not solely due to 
ABA levels but may also in part be due to the sensitivity of the seed to ABA 
(Walker-Simmons 1987; Trewavas 1991). 

Even though applications of ABA have been shown to inhibit seed germi
nation (Hilhorst and Karssen 1992; Ni and Bradford 1993) and delay bud break 
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(Davis and Jones 1991), they do not have the ability to induce dormancy 
(Karssen et al. 1983; Clutter 1978); although, at the present time strong 
arguments can be presented that ABA has a key role in the regulation of 
dormancy. The mechanism by which ABA regulates the induction of dormancy 
remains unknown. Studies at the molecular level have identified a number of 
ABA-induced genes (Bray 1991; Thomas et al. 1991; Kahn et al. 1993). In 
addition, there are a number of ABA-insensitive mutants which are now avail
able (Ni and Bradford 1993). Future studies with these genes and mutants may 
shed some light as to whether the induction of dormancy is directly or indirect
ly controlled by ABA. 

GibbereUins. There have been many studies evaluating changes in en
dogenous levels of gibberellins in seeds and buds (Takahashi et al. 1991; 
Clutter 1978; Wiebel et al. 1992). Studies evaluating exogenous applications 
of gibberellins have been shown to relieve certain types of dormancy including 
physiological dormancy, photodormancy, and thermodormancy (Hartmann et 
al. 1990). However, recent research with GA-deficient tomato and Arabidopsis 
mutants suggest that the synthesis of GA may not be involved in breaking 
dormancy and its action is only limited to the germination process (Hilhorst 
and Karssen 1992). 

Cytokinins. The effectiveness of exogenous applications of cytokinins in 
the stimulation of growth in resting buds and seeds remains unclear. There have 
been reports showing that exogenous applications of cytokinins can overcome 
dormancy in buds and seeds, however, there are also reports showing that there 
is no effect. The relationship between chilling and the appearance of cytokinins 
has also been demonstrated; however, it has also been shown that little or no 
change occurs in response to chilling (Powell 1987; Thomas 1992; Thomas et 
al. 1992; Mok and Mok 1994). Additional work with mutant plants and mo
lecular techniques is required to address the question are cytokinins involved 
in the dormancy process. 

Ethylene. Ethylene will not promote germination in quiescent seeds nor 
will it alter the requirement for the rest period. In some seeds even though 
dormancy is broken no germination occurs because the embryo cannot over
come the physical restraint of the seed coat as mentioned in previous section 
on physical dormancy. Ethylene will overcome dormancy in many of the 
species where physical dormancy is imposed by stimulating the embryos to 
develop the force needed to penetrate the seed coat (Abeles et al. 1992). It has 
indirectly been shown that ethylene will promote lateral bud br~ak; however, 
it is only effective in breaking bud dormancy after partial or full release from 
dormancy by chilling, suggesting that it does not have a direct regulatory role 
in bud dormancy (Powell 1987). 
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Others. Analysis of IAA levels in Pinus silvestris, Acer plantanoides, and 
Rosa rugosa seeds have shown that there was no regulatory role of IAA in 
seed dormancy (Powell 1987). In Corylus buds during the winter months the 
IANABA balance is in favor of ABA while the balance shifts toward IAA in 
the spring, coinciding with the breakage of bud dormancy and the initiation of 
shoot elongation (Rodriguez et al. 1991), indirectly suggesting the role of IAA 
in dormancy. However, at the present time there is little convincing evidence 
that auxins have any regulatory role in seed or bud rest. Thiourea has also been 
shown to overcome certain types of dormancy, such as deep embryo dormancy 
in Prunus seeds and high temperatures in lettuce seeds (Thomas 1992), but 
this effect has been suggested to be due to its cytokinin activity. Although there 
are many compounds which will inhibit germination or promote bud dormancy 
not all of these compounds can be regarded as dormancy inducing. Coumarin, 
a phenolic has been shown to induce light sensitivity in varieties of lettuce 
seeds not requiring light for germination (Nutile 1945). Due to its widespread 
distribution in plants and its strong inhibitory action it is considered to be one 
of the substances which may be a natural germination inhibitor (Mayer and 
Poljakoff-Mayber 1989). 

EFFECTS OF 
ENVIRONMENTAL FACTORS 

Temperature and light are the two most important environmental factors in the 
control of dormancy. However, it should be noted that other environmental 
conditions should not be limiting to the extent that the plant is adversely 
affected. 

Once shoot growth ceases a type of physiological dormancy or rest develops 
in the shoots which is similar to that in some seeds. Bud or seed rest varies in 
its intensity based on the season. Once primary dormancy is induced the 
chilling mechanism for buds and seeds are similar, both have optimum chilling 
temperatures from about 5° to 7DC, which are required for the termination of 
rest. Temperatures outside this range will not contribute to the chilling require
ment, for example below ODC is to cold and 12DC or above will be too warm. 
A description of how to calculate chilling units can be found in Richardson et 
al. (1974). The amount of chilling to break dormancy depends on the species 
and sometimes varieties within species (Powell 1987; Clutter 1978; Hartmann 
et al. 1990). The effects of temperature on dormancy in a variety of plant 
species is outlined in Outter (1978). In addition to primary dormancy a 
secondary dormancy, can be induced if unfavorable temperatures which are too 
high or low are imposed (Hartmann et al. 1990). 
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Ught 

Gamer and Allard (1923) showed that the length of the photoperiod was 
implicated in the control of bud dormancy. Since this time many investigators 
have found that short days promote the development of dormancy in trees and 
long days in some cases can release it (Clutter 1978; Nitsch 1957). However, 
in some woody plants shoot elongation stops and terminal buds are formed in 
the summer when day length is greatest (Powell 1987). A wide range of 
responses have been shown with respect to photoperiod, some plants respond 
to short days, long days, or dormancy develops irrespective of the photoperiod, 
these effects are outlined in a variety of species in Clutter (1978). Therefore, it 
appears that photoperiod alone is probably not the only factor involved in the 
initiation, maintenance, and breaking of bud dormancy. It has been shown that 
there is an interaction between temperature and photoperiod. In some cases 
long days can substitute for the chilling requirement and the effects of inductive 
photoperiods can be counteracted by low temperatures (Clutter 1978). In ad
dition to primary dormancy, prolonged darkness (skotodormancy), white light 
(photodormancy), or far-red light (phytochrome response) can induce second
ary dormancy in a number of plants (Thomas 1992; Hartmann et a!. 1990; 
Small and Gutterman 1992) possibly acting as a safety mechanism. 
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CHAPTER 

7 
Juvenility, Maturity 
and Senescence 

During its life cycle the plant undergoes embryonic, juvenile, transitional 
(between juvenile and mature), and mature (adult) phases of growth and 
development followed by senescence and death. The juvenile phase in some 
species has a distinctive morphology of leaves, stems, and other structures 
which are no longer present when the plant becomes mature. Once the plant 
reaches maturity, flowering can be induced by appropriate external cues. The 
change from mature to senescent conditions typically involves the deterioration 
of many synthetic reactions leading to the death of the plant, thereby complet
ing the cycle. 

JUVENIUTY 

The juvenile phase of plant development can be defined as an initial period of 
growth when apical meristems will not typically respond to internal or external 
conditions to initiate flowers. This phase is characterized by exponential in-
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creases in size; absence of the ability to shift from vegetative growth to 
reproductive maturity leading to the formation of flowers; specific morphologi
cal and physiological traits, including leaf shape, thorniness, vigor, or disease 
resistance; and a greater ability to regenerate adventitious roots and shoots 
(Hartmann et al. 1990; Leopold and Kriedemann 1975). In general, juvenility 
is a period of complete inability to flower. An example of this is Lunaria, 
which cannot be induced to flower before seven weeks of age (Wellensiek 
1958). However, it should be noted that when plants are in their juvenile phase 
they are not always devoid of flowering ability, for example, beets flower in 
response to cold at any age, but their responsiveness gradually increases as the 
plant grows older (Leopold and Kriedemann 1975). 

Juvenile Morphology 

Leaf form is one of the most readily observable expressions of juvenility. 
Differences in leaf form between juvenile and mature plants have been shown 
in many different plant species such as Hedera helix, Sassafras albidum, 
Juniperus virginianum, Lycopersicon esculentum, and others. Hedra helix and 
Sassafras albidum leaves in their juvenile phase are lobed, while in the mature 
phase they have a continuous leaf (Figure 7.1). In Lycopersicon esculentum the 
first non lobate leaves are followed by tri-, penta-, and heptalobate leaves, the 
latter accompanying flowering. Juniperus virginium have needlelike juvenile 
leaves, but when they become mature the leaves are scalelike (Figure 7.2). 

There are many species where the stem and its growing point exhibit 
juvenile morphology. Woody plants are good examples of this, showing a 
juvenile branching pattern, with long whiplike branches and narrow branching 
angle (Blair et al. 1956). The presence of thorns on the stem is a characteristic 
of juvenile citrus and locust seedlings. As the tree matures, the new growth at 
the apex and the longest branch no longer develop thorns. It is thought that 
thorns on juvenile portions of the plant serve to protect the plant from browsing 
animals (Hartmann et al. 1990). The stem of Hedera helix changes from a 
creeping vine growth habit to an erect shrub when it passes out of the juvenile 
phase. Another change in stem morphology has been shown in brussels sprouts 
(Stokes and Verkerk 1951), where a juvenile seedling has a narrow pointed 
stem with a thin apex; however, at maturity the stem becomes wide and the 
apex broad and blunt. Enlargement of the apical meristem as the plant matures 
has been shown to be common in many herbaceous species (Millington and 
Fisk 1956). 

Juvenile Physiology 

Common physiological traits exhibited by plants in their juvenile stage of 
development are rapid growth rates, inability to flower, and high rooting 
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Figure 7.1. Hedra helix leaves are lobed in the juvenile phase (left) and in the mature 
phase they are continuous (right). 

Figure 7.2. Juniperus virginium juvenile needlelike leaves (left) and mature scalelike 
leaves (right). 
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potential (Hartmann et al. 1990). A relationship between tree age and the 
rooting of cuttings was noted by Gardner (1929), before the concept of juven
ility had become generally accepted. Since this time there have been reports 
showing that juvenile wood typically roots faster then mature wood (Trippi 
1989). Loss or reduction of the ability to regenerate adventitious roots or stems 
is closely associated with maturity (Hartmann et al. 1990). As described in the 
previous chapter on rooting, auxins can generally stimulate root formation in 
cuttings, suggesting that the higher degree of rooting in juvenile versus mature 
cuttings is due to higher endogenous levels of auxin which the juvenile cuttings 
typically contain or due to a greater sensitivity in these tissues. Although this 
is an attractive theory it is not true in all cases since there are many difficult
to-root species which do not root in response to exogenous applications of 
auxin. 

Modifying Juvenility 

There are a variety of reasons why it may be necessary to induce early 
maturity. Practices to induce early maturation which promotes early flowering 
include: 

1. Maximizing conditions that promote continuous vegetative growth allowing apical 
meristems to grow into the mature phase followed by appropriate treatments to 
initiate flower induction. 

2. Repeated vegetative propagation choosing propagules from apical parts of the 
seedling plant. 

3. Grafting or budding to dwarfmg root stocks. 

There are also a variety of reasons for maintenance of the juvenile phase 
such as maximizing rooting potential, which can be accomplished by: 

1. Propagating from juvenile tissue obtained from the base of the seedling. 

2. Cut back the plant to promote sprouting from the juvenile zone since many plant 
species have juvenile buds which are suppressed by normal vegetative growth. 

3. In vitro cloning of embryos or young seedlings. 

Once a plant has reached the mature phase it tends to remain stable; 
however, its rooting ability is typically very low. Reversions from mature to 
juvenile phase (rejuvenation) can be accomplished by: 

1. Stimulating adventitious shoots. 

2. Consecutive grafting to seedling rootstocks. 

3. Consecutive subculturing of apical meristems in micropropagation. 

4. Treating plants with gibberellic acid (Hartmann et al. 1990). 
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Nature of Juvenility 

What is the biological basis for endogenous regulation of juvenile to mature 
phase changes? One of the first things which come to mind is that the duration 
of juvenility appears to be heritable. It has been suggested that individual cells 
in the apical meristem of juvenile and mature parts of the plant are epigeneti
cally different and stable, but they change during cell division (Hackett 1985). 
As cells divide, one daughter cell may differentiate without further division, 
whereas the other continues to divide, causing gradients in juvenile:mature 
potential to develop with each subsequent cell division (Tilney-Bassett 1986). 
Another potential explanation for juvenile to mature phase changes is that the 
apical meristems are influenced by differentiated cells which surround them. 
Therefore, when cellular connections are severed between the two there is a 
reversion from mature to juvenile condition. Plant growth substances have been 
shown to be involved in the regulation of juvenile to mature growth phase 
changes. Evidence for this has come from experiments which show that when 
a mature shoot is grafted to a juvenile plant there is sometimes a change toward 
juvenile expression. This is thought to occur due to the transfer of plant growth 
substances from the roots and/or leaves of the juvenile plant to the mature 
shoot. Exogenous applications of gibberellins have been shown to cause a shift 
from mature to juvenile phenotype in Hedera helix and the opposite to occur 
in conifers while abscisic acid can reverse this change (Hackett 1985). When 
hard-to-root cherry clones are cocultivated with easy-to-root cultivars there is 
an increase in the ability of the hard-to-root clones to root. This effect can be 
duplicated by gibberellic acid treatments (Ranjit and Kester 1988). 

MATURATION 

Maturation refers to qualitative changes which allow the plant or organ to 
express its full reproductive potential. This is accomplished by a gradual 
transition of morphology, growth rate, and flowering capacity. The length of 
the maturation period can vary from days to years, depending on both genetics 
and the environment. One should be cautioned that maturation should not only 
be connected with flower formation but also with other reproductive structures 
such as tubers and bulbs. Although the period of maturation is genetically 
determined it can also be modified by plant growth substances and/or environ
mental conditions (Trippi 1989). 

SENESCENCE 

The process of senescence refers to endogenously controlled deteriorative 
changes, which are natural causes of death of cells, tissues, organs, or organ-
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isms (Leopold 1975; Nooden and Leopold 1978). Senescence may be thought 
of as a natural developmental process, namely, terminal differentiation. The 
concept that death may be actively induced by endogenous factors has been 
gaining acceptance. For example, it has been suggested that the difference 
between natural and accidental death is that natural death is due to internal 
factors which make the organism more vulnerable (Medawar 1957). In contrast 
to senescence, which is endogenously controlled, aging is caused by exogenous 
factors, wear and tear that accumulates over time (Leopold 1975; Nooden and 
Leopold 1978). Aging does not itself cause death but may cause decreased 
resistance to stress and disease, thereby increasing the probability of death. At 
the present time it is not easy to clearly distinguish between senescence and 
aging because the biochemical nature of the two is not well understood. 
Nonetheless, there are a number of clear examples of programmed senescence, 
including the rapid degeneration of petals following pollination or the coor
dinated senescence of leaves following fruit development in monocarpic plants; 
whereas, an example of aging is the loss of viability in stored seeds. 

Why Study Senescence? 

Senescence occurs at the whole plant, organ, tissue, and cell levels through
out the life cycle of an organism. It has an important function in xylem 
differentiation, development of leaf lobing patterns, and the breakdown of 
specialized cells in the embryo and female gametophyte. At the organ level it 
has a profound effect on leaves, flower parts, and fruits, while, at the whole 
plant level postreproductive senescence has a dramatic effect on the entire 
organism (Nooden and Leopold 1978). At the biochemical level much can be 
learned about many processes within the plant, for example, senescence in
volves the loss of self-maintenance; therefore, by studying senescence we can 
gain insight on how cells maintain themselves under nonsenescing conditions. 
At the whole plant level the study of senescence is helpful in understanding 
how the plant allocates resources from one site to another in order to cope with 
a changing environment or in order to increase chances of reproductive success. 

Learning how to regulate senescence may have economic benefits. In mono
carpic crop plants, there is a loss of assimilatory capacity as senescence prog
resses contributing to a limitation in yield (Grover 1993; Nooden and Leopold 
1978). In fact, anything which speeds the senescence process such as develop
ment of metabolic sinks (e.g., fruits), unfavorable photoperiods, lengthy expo
sure to shade or excessive light, insufficient nutrients or water, extremes in 
temperature or other stresses such as ozone can dramatically reduce crop yields 
(Reddy et al. 1993). The keeping quality of flowers, vegetables, fruits, grains, 
and mushrooms is a function of senescence; therefore, the acceleration of this 
process contributes to postharvest losses which results in millions of dollars in 
loss due to waste annually (Burton 1982). 



Chap. 7 Juvenility, Maturity and Senescence 167 

What Changes Occur During Senescence? 

In order to better understand the senescence process it is necessary to 
monitor quantitative changes which occur during the event. The ability to 
quantify specific regulating components which are central to the senescence 
process would be ideal; however, at the present time this is not possible due 
to the lack of information in this area. For now it is necessary to use prominent 
components of the senescence process as measures. Components which have 
been used as measures of senescence include decreases in chlorophyll, total 
protein, nucleic acids, photosynthesis (reduction in photosynthetic enzymes 
such as ribulose bisphosphate carboxylase or phosphoenolpyruvate car
boxylase), changes in plant growth substances, increased membrane permea
bility, and abscission. It must be noted that the study of senescence should be 
done with intact plants since there are many problems associated with the use 
of detached plant parts (Nooden and Leopold 1978; Grover 1993). 

Effects of Plant Growth Substances 
on the Senescence Process 

Senescence at the cell, tissue, organ, or whole plant level is kept under 
control by a number of internal as well as external factors such as environ
mental conditions. Plant growth substances appear to play a central role in 
regulating the senescence process. Since the regulation of senescence is of great 
economic importance, there have been many studies on the use of plant growth 
substance treatments on whole plants, attached organs, or detached plant parts. 
Despite these efforts it is difficult at the present time to form theories which 
meet the criteria of PESIGS rules: presence/parallel variation, excision, substi
tution, isolation, generality, and specificity (outlined in Chapter 1). The effects 
of plant growth substances on senescence have not been exhaustively studied 
in anyone system; therefore, generality may not always be easily shown. 
Another complication is that senescence is probably controlled by an interac
tion of plant growth substances rather then by a single one. Many studies in 
this area involve exogenous plant growth substance applications, cynically 
termed spray, pray, then weigh. By comparison little work has been done on 
changes in endogenous levels of plant growth substances prior to and following 
the initiation of the senescence process, especially of natural senescence. In this 
section a summary on how some of the known plant growth substances are 
thought to be involved in the senescence process will be discussed. 

Cytokinins. Cytokinins are involved in slowing many of the processes that 
contribute to plant senescence (Nooden and Leopold 1978; Kaminek et al. 
1992; Mok and Mok 1994). This is supported mainly by two lines of research, 
first, the classical work of Richmond and Lang (1957), which showed that 
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when kinetin was applied to detached leaves senescence was delayed. They 
showed that cytokinins are responsible for the maintenance of chlorophyll, 
protein, and RNA levels, all of which decline during senescence. Mothes and 
Engelbrecht (1961) showed that kinetin induced directed transport of substan
ces in excised leaves in the dark. They showed that when a radioactive amino 
acid was applied to one leaf and kinetin to the adjacent leaf in the dark there 
was movement of the radioactive material toward the kinetin-treated leaf where 
it was shown to accumulate (Figure 7.3). When no kinetin was applied to the 
adjacent leaf there was no movement of radioactive material. Leopold and 
Kawase (1964) showed that when benzyladenine was applied to a single mature 
leaf it retarded senescence of that leaf while it inhibited growth and hastened 
senescence of the adjacent untreated leaf. Second, there have been a number 
of reports showing that rooting or rooting exudates can also delay senescence. 
Early investigators (Molisch 1938; Mothes 1960) showed that root formation 
delayed the senescence process in detached leaves and that kinetinlike substan
ces produced by the roots also delayed this process (Kulaeva 1962). 

In general, when cytokinins are applied at the right dose and the timing is 
correct they will delay senescence in most, but not all tissues. An example 
where cytokinin can promote senescence is in carnation (Woodson and Brandt 
1991). In cases where cytokinins do not delay the senescence process other 
plant growth substances have been shown to be effective. Synthetic cytokinins 
are typically more effective in delaying senescence, probably due to their 
stability. It appears that exogenously applied cytokinins delay senescence by 
correcting an internal deficiency of cytokinins which occurs during the senes
cence process. There is a considerable amount of evidence showing that there 
is a decline in cytokinin levels prior to or during senescence (Nooden and 
Leopold 1978; Kaminek et a1. 1992; Singh et a1. 1992a, 1992b, 1992c; Mok 
and Mok 1994). However, most of these studies have been done with leaves 
and very few with flower parts or other organs. 

Cytokinins have been shown to interact with other plant growth substances 
which promote or inhibit senescence. For example, cytokinins can counteract 
the promotive effects of abscisic acid on the senescence process. They may act 
in part by reducing the levels of endogenous ABA; however, ABA can also 
reduce cytokinin levels. Gibberellins have been shown to delay senescence. 
Kinetin has also been shown to cause an increase in gibberellinlike activity 
indicating that there may be a relationship between the two in delaying senes
cence (Nooden and Leopold 1978; Kaminek et al. 1992; Mok and Mok 1994). 

In general cytokinins and ethylene have opposite effects on the senescence 
process; however, the relationship between the two is more complex than 
would appear. In most cases exogenous applications of cytokinins counteract 
the promotive effects of ethylene on the senescence process. However, in 
vegetative tissues cytokinins at low concentrations promote ethylene production 
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alone and in combination with other plant growth substances (Arteca 1990). 
This could account for the limited number of reports showing that cytokinins 
promote senescence. It has also been shown that cytokinins decrease tissue 
sensitivity to ethylene (Nooden and Leopold 1978). In summary, cytokinins 
generally delay senescence; however, they interact with other factors in doing 
so. Transgenic soybean plants have recently been produced in which cytokinin 
levels can be regulated, thereby providing a useful tool in better understanding 
the mode of action of cytokinins in the senescence process (Ainleyet al. 1993). 
In addition, improved methodology for the detection of cytokinins will enable 
researchers to monitor changes in endogenous levels of cytokinins in organs 
other then leaves in a variety of test systems to better understand their involve
ment in senescence (Kaminek et al. 1992; Mok and Mok 1994). 

A"xins. Although there are considerably fewer reports on auxins than 
cytokinins, exogenous applications of both natural and synthetic auxins have 
been shown to delay senescence in a wide variety of tissues. There are also a 
number of reports in the literature where exogenous applications of auxin do 
not delay senescence and, in some cases, can actually promote it. When auxins 
are reported to promote senescence it is possible that auxin-induced ethylene 
production may be responsible for accelerated senescence. In general, the 
endogenous levels of auxins decrease before or during senescence, although in 
some cases they do not change (Nooden and Leopold 1978). 

Auxins have been shown to interact with other plant growth substances in 
the promotion of ethylene in some tissues (Arteca 1990), whereas in fruit 
tissues auxin has been shown to inhibit ethylene production (Nooden and 
Leopold 1978). Auxin-induced ethylene production has been reported in a wide 
variety of experimental systems, however, the relationship between the two on 
the senescence process is still unclear (Abeles et al. 1992). In a limited number 
of cases auxins have been shown to counteract the promotive effect of ABA 
on senescence and to synergize with GA in delaying senescence (Nooden and 
Leopold 1978). 

Gibberellins. There are many references in the literature on the effects of 
gibberellins on senescence (Nooden and Leopold 1978; Saks and Vanstaden 
1992; Takahashi et al. 1991), most of which describe the ability of GA to retard 
chlorophyll loss in leaves, fruit, pea shoot apices, cotyledons, and flower stalks. 
Gibberellins have also been shown to reduce RNA and protein degradation, 
delay senescence in petioles, and delay ripening (Nooden and Leopold 1978; 
Saks and van Staden 1992; Kaminek et al. 1992; Takahashi et al. 1991). 
Although GA typically delays the senescence process there are reports showing 
in some cases that it can speed it or have no effect depending on the age of 
the plant and a variety of other factors (Takahashi et al. 1991; Nooden and 
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Leopold 1978). Gibberellin levels have been found to decline prior to or during 
senescence in a wide variety of tissues. In fact senescing tissues appear to 
metabolize GA at a more rapid rate. In all tissues where GA levels decrease 
during senescence, exogenous applications of GA will delay the process. In 
many leaf tissues, both gibberellins and cytokinins will retard senescence; 
however, there are also reports where they act differently. Both ABA and auxin 
may interact with GA, with ABA typically having the opposite effect and auxin 
having the same effect (Nooden and Leopold 1978; Takahashi et al: 1991). 

Ethylene, Abscisic Acid and Methyl Jasmonate. Although the response 
varies among plants, cytokinins, auxins, and gibberellins generally retard se
nescence. Ethylene and other compounds such as ABA and methyl jasmonate 
promote senescence (Abeles et al. 1992). Exogenous applications of ethylene 
have been shown to speed the rate of degradation parameters used to measure 
senescence such as chlorophyll, RNA, and protein in a variety of test systems. 
There are also a number of mRNAs which accumulate during leaf senescence 
in response to ethylene which are involved in the production of enzymes that 
promote degradative processes during senescence. It has been shown in a 
variety of test systems that ethylene production increases during senescence. 
Evidence based on chlorophyll degradation indicates that ethylene has a role 
in the senescence process in leaves. It has been shown that there is an inhibition 
of chlorophyll degradation when plants are treated with inhibitors which block 
ethylene biosynthesis or action. However, senescence can also occur without 
ethylene production. These observations indicate that senescence can be con
trolled by an increase in the rate of ethylene production or an increase in 
sensitivity to ethylene (Abeles et al. 1992). 

Exogenous applications of ABA have been reported to promote a wide range 
of senescence-related processes in a variety of organs. ABA has been shown 
to decrease chlorophyll, protein, and nucleic acid synthesis and alter membrane 
structure. In general, endogenous levels of ABA or ABA-like substances have 
been shown to increase prior to or during senescence in a variety of tissues, 
both attached and detached. However, there are a number of reports which do 
not show a correlation between ABA level and senescence (Nooden and 
Leopold 1978; Davies and Jones 1991). Senescence, like many other processes, 
is probably regulated by an interaction of all known and unknown plant growth 
substances. There are reports in the literature which show that ABA can 
influence the endogenous levels of other plant growth substances and viceversa. 
ABA and ethylene act in a similar manner and both produce increases in the 
other. In gereral ABA leads to a reduction in levels of cytokinins, gibberellins, 
and auxins; however, as is always the case, there are exceptions to this rule 
(Nooden and Leopold 1978; Davies and Jones 1991). 

Exogenous applications of methyl jasmonate have been shown to promote 
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senescence in plants. Methyl jasmonate has the ability to stimulate ethylene 
biosynthesis at the step between ACC and ethylene by increasing ACC oxidase 
activity. Therefore it is possible that the promotive effect which methyl jas
monate has on senescence is due to its ability to stimulate the production of 
ethylene; however, more research is necessary in this area before defmitive 
statements can be made (Nooden and Leopold 1978; Abeles et al. 1992; Sanz 
et al. 1993; Porat and Halevy 1993). 

Use of Plant Growth Substances 
to Delay Senescence 

Many vegetable, fruit, flower, and mushroom crops are now marketed fresh 
to increasingly distant markets. Therefore, the maintenance of quality during 
postharvest storage, shipping, and handling to reduce spoilage is of paramount 
importance. Cytokinins, plant growth retardants, auxins, gibberellins, and ethy
lene biosynthesis and action inhibitors have the ability to delay senescence. 
Some research has been directed toward the use of these compounds on veg
etables, fruit, flowers, and mushrooms to delay deterioration after harvest. A 
common result of senescence is storage rot caused by the growth of bacteria 
and fungi on materials lost from senescing cells. This problem can be delayed 
or lessened by rapid, careful handling and proper storage conditions, but un
fortunately this is not always possible. 

Cytokinins, auxins, and plant growth retardants will generally delay senes
cence in vegetables, thereby reducing rot and potential losses. Cytokinins have 
been shown to be effective in delaying senescence in cabbage, lettuce, cauli
flower, asparagus, broccoli, celery, Brussels sprouts and other vegetables such 
as endive, escarole, mustard greens, spinach, radish, carrot tops, parsley and 
green onion. Auxins have been reported to be effective in delaying senescence 
of cauliflower, broccoli, and Brussels sprouts, while plant growth retardants are 
effective in lettuce, asparagus, and broccoli (Weaver 1972). 

Gibberellins have been shown to be effective in the retardation of senes
cence in fruits, an example of this is their use in navel oranges. When navel 
oranges approach maturity the rind changes in color from green to orange 
because there is a decrease in chlorophyll and an increase in carotinoid pig
ment. During this change the rind softens making the fruit susceptible to the 
following physiological disorders: rind staining (postharvest), decay (posthar
vest), sticky exudate (postharvest), water spotting (preharvest) and puffiness 
(pre- and postharvest). Applications with gibberellins have been shown to be 
very effective in overcoming problems with rind staining, water spotting, and 
decay, but only partially effective with puffiness and sticky exudate. Gibberel
lin applications have also been shown to be effective in delaying senescence 
in lemons, limes, grapefruit, and Valencia oranges. It should be noted that 
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timing and concentration of GA applied are very important because if incor
rectly done there may be problems with degreening (Weaver 1972). 

Ethylene action (silver thiosulfate (STS» or biosynthesis (aminoethoxy
vinylglycine (AVG) or aminooxyacetic acid (AOA» inhibitors, plant growth 
retardants, or cytokinins have been shown to be effective in delaying senes
cence in flowers. Ethylene biosynthesis or action inhibitors have been reported 
to be very effective in delaying senescence in many flower crops (Abeles et 
al. 1992). Plant growth retardants and cytokinins have been shown to be 
effective in delaying senescence in snapdragon or carnation and in carnation, 
daffodil, and stocks, respectively (Weaver 1972). 

The plant growth retardant Alar has been reported to delay the senescence 
process in mushrooms, whereas cytokinin or cycocel were not effective 
(Weaver 1972). 

Even though cytokinins, auxins, and plant growth retardants have been 
shown to delay senescence in a variety of systems none are commercially used 
for this purpose at the present time for a variety of reasons. GibbereUins are 
used in citrus to delay senescence commercially, however, this is presently its 
only use for this purpose. For many years it has been known that ethylene is 
involved in causing premature senescence in a variety of plant organs in a 
number of plant species. In fact, the ethylene biosynthesis inhibitors A VG and 
AOA were initially developed for commercial use, however, concerns of po
tential toxic effects stopped their further development and neither are registered 
for commercial use (Abeles et al. 1992). Silver thiosulfate is an ethylene action 
inhibitor which is commonly used to delay senescence in cut flower crops. 
However, neither A VG, AOA, or STS can be used to delay senescence in food 
crops. At the present time there is increasing concern about the use of heavy 
metals in greenhouses which may someday stop the use of STS on potted 
plants. Therefore genetically engineering plants to reduce ethylene production 
to delay senescence, an approach which has recently become available, has a 
great deal of potential. Prior to the biotechnology boom, folklore showed that 
sealing fruits or vegetables in a bag promoted ripening. Today we know the 
bag traps ethylene produced by the fruit, which speeds the ripening and aging 
process of fruits and vegetables. ACC synthase is one of the regulatory proteins 
involved in the production of ethylene, which has recently been exploited using 
molecular technology to regulate ripening in tomatoes. Researchers have ex
pressed antisense ACC synthase (insertion of the gene for this enzyme in the 
backward orientation) in tomato plants and showed that fruit ripening was 
inhibited (Kende 1993; Theologis 1992). In the early 1990s three U.S. corpor
ations (Calgene Inc., DNA Plant Technology, and Monsanto Co.) licensed this 
gene to reduce spoilage of fruit, vegetables, and flowers by preventing the 
production of ethylene. It is anticipated that genetically engineered tomatoes 
with the antisense ACC synthase gene will be on the market in the near future 
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along with MacGregor tomatoes, which utilize softening genes to prevent 
spoilage. Recently, researchers have purified the plant protein ACC N-MTase 
(Guo et at. 1992 1993), which converts ACC (produced by ACC synthase) to 
an inactive end product and does not allow it to go to ethylene. This discovery 
will now allow this group to isolate the gene(s) for ACC N-MTase and to use 
this gene to genetically transform plants to reduce spoilage. In summary, there 
are now ethylene biosynthetic genes and genes which degrade the ethylene 
precursor ACC which can be used to reduce ethylene production, thereby 
delaying ripening and enabling growers to pick riper fruits without rot prob
lems. In whole plants it is possible that the use of these genes can be used to 
block premature senescence which would enable plants to photosynthesize 
longer thereby, having the potential to increase crop yields. 
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8 
Flowering CHAPTER 

The transition from vegetative to reproductive development is clearly a very 
critical phase in the life cycle of higher plants. Although there has been a 
considerable amount of research on the physiological, biochemical, and mol
ecular aspects of flowering, the actual mechanism by which the transition from 
vegetative to reproductive development occurs still remains unclear at the 
present time (Jordan 1993). Since there are many coordinated processes in
volved in reproductive development, background information for each of these 
stages will briefly be discussed prior to explaining the involvement of environ
mental factors and plant growth substances. The first stage is flower initiation 
which is an internal physiological change in the meristem which precedes any 
morphological change. The first noticeable morphological change indicating 
that a transition from vegetative to reproductive development is occurring is 
enhanced cell division in the central zone immediately below the apical part of 
the vegetative meristem. The divisions occurring here result in the differenti
ation of parenchyma cells which surround the meristem giving rise to flower 
primordia. The second stage is flower formation, the visible initiation of flower 
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parts. The final stage is flower development which is the differentiation of the 
flower structure including events from flower formation to anthesis (flower
ing). Each of these stages like any other physiological process is determined 
by the genotype. However, in many species the start of reproductive develop
ment is regulated by environmental factors such as day length and temperature, 
which vary on a fairly regular basis throughout the year, and by a specific plant 
growth substance( s) or interactions between two or more. However, once again 
the response varies between species. In the following sections the involvement 
of environmental factors and plant growth substances on floral initiation will 
be discussed. 

EFFECTS OF ENVIRONMENTAL FACTORS 
ON THE ONSET OF REPRODUCTIVE 
DEVELOPMENT 

Photoperiodism 

When flower initiation is determined solely by genotype and the plants have 
no specific light requirement they are called day-neutral plants, whereas, plants 
which flower in response to day length conditions are under the control of 
photoperiodism. Photoperiodically sensitive plants can be broken down into 
several categories: 

1. Short-day plants flower only when the dark period is greater then a certain critical 
length, since plants measure the length of the dark period in order to flower. 

2. Long-day plants flower only when the dark period is shorter then a certain critical 
length. 

3. Although short-day and long-day plants make-up the majority of the photoperiodi
cally sensitive plants there are also two other groups. One is short-long-day plants 
which flower only when subject to short days followed by long days, and the 
second group is long-short-day plants which require long days first followed by 
short days (Thomas 1993). 

Day length is perceived by the plant leaves with a primary photochemical 
event which is the absorption of a photon by phytochrome. The mechanism of 
action of phytochrome has been discussed in detail elsewhere and will not be 
considered further in this text (Vince-Prue 1983). Although day length is 
perceived in the leaves the actual response occurs in the bud indicating that the 
signal is produced in the leaf and translocated to the site of action. This 
signaling substance has been called florigen, floral stimulus, or flower hor
mone. The existence of a signaling substance has been substantiated by grafting 
experiments conducted between induced and noninduced plants. When a leaf 
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from a plant grown under conditions which promote flowering such as proper 
photoperiod or cold treatment is grafted on a plant under noninductive condi
tions flowering can be initiated. Based on results from successful grafting 
experiments it is very easy to speculate that the flowering stimulus is very 
similar in all plants. However, it would be risky to do so because there are also 
a number of grafting experiments which were unsuccessful in causing plants to 
flower (Zeevaart 1976). Although florigen may exist it has still not been 
isolated and characterized, which has led some to believe that flowering is 
initiated by an interaction between existing known and unknown plant growth 
substances which promote or inhibit flowering. 

Vernalization 

There are numerous plant species grown in temperate regions which will 
flower in response to low-temperature treatments. This phenomenon is called 
vernalization. In general, the effects of low-temperature treatments are observed 
when these plants are transferred to warmer growth-promoting temperatures. 
An exception to this is Brassica oleracea which will initiate flowers during 
exposure to low temperatures (Metzger 1987). Plants which will flower in 
response to low temperatures are called thermoinductive. Annual plants (which 
complete a life cycle in one growing season) can be broken down into two 
categories: one group called summer annuals which do not require low tem
peratures in order to flower; and the other group called winter annuals. In this 
group the cold requirement is facultative, meaning that flowering will event
ually occur without low-temperature treatment; however, it takes longer. Bien
nial plants (which complete a life cycle in two years) require one full season 
of vegetative growth and must have a cold treatment in order to flower. There 
are also many perennial plants (which flowers and sets seed year after year 
without dying) which have a strict requirement for cold temperatures in order 
to flower. Differences among species with respect to their temperature require
ments for flowering occur in annuals, biennials, and perennials (Thomas 1993). 

The site of temperature perception occurs in the bud unlike the photo
periodic response, which is perceived in the leaves. There are also many plants 
which have dual requirements of low temperature and proper photoperiod in 
order to induce flowering. Once external signals are perceived by the plant they 
must be transmitted from one location to another resulting in molecular changes 
which promote flowering. The proposed mechanisms of signal transduction are 
summarized by Lumsden (1993); therefore, for more details on the signaling 
events involved in flowering, see this reference. 
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EFFECTS OF PLANT GROWTH SUBSTANCES 
ON FLOWER INITIATION, PROMOTION, 
AND INHIBITION 

Flower Initiation 

The role of plant growth substances in the juvenile to mature phase change 
is not well established at the present time and more research is necessary to 
better understand how this phase change occurs. It is known that plants will 
not typically flower during the juvenile phase as described in Chapter 7. 
However, once plants have completed their juvenile stage of development they 
have the ability to produce a flowering stimulus in response to the proper 
environmental cues. This stimulus initiates the transition of the apex from its 
vegetative stage to one which is committed to reproductive development. Based 
on grafting experiments it can be concluded that the floral stimulus is very 
similar or even identical in many cases. Since the existence of this flowering 
stimulus was fIrst proposed by Chailakhyan (1936) there have been many 
attempts to identify and chemically characterize it. Unfortunately, after almost 
60 years of research in this area the chemical nature of this flower stimulus 
remains unknown. To date research still suggests that the flower stimulus is a 
single substance or a few substances unique from the presently known plant 
growth substances and is very similar or even identical throughout the plant 
kingdom. However, it cannot be ruled out that there is an interaction between 
known plant growth substances which can directly trigger flowering or that they 
may be involved in triggering the production of a flower stimulus (Metzger 
1987; Weaver 1972; Jordan 1993). 

Flower Promotion and Inhibition 

Early studies with plants in the Bromeliaceae family showed that auxins had 
the ability to promote flower formation. However, it is now known that auxin
induced ethylene production is responsible for the formation of flowers in 
plants from this family (Zeevaart 1978). In general exogenous applications of 
auxins such as IAA or NAA inhibit flower formation when applied under 
inductive conditions. The inhibitory effects of auxins are supported by studies 
with the auxin transport inhibitor 2,3,5-triiodobenzoic acid (TIBA), trade name 
Floraltone which has been shown to promote flower initiation in apples (Plant 
Growth Regulator Handbook 1981). It is possible that the inhibitory effect of 
auxin on flowering is due to auxin-induced ethylene production, however, at 
the present time there are only a limited number of conflicting reports evalu
ating changes in endogenous levels of IAA and ethylene during the flowering 
process. Therefore, until additional work is done in this area using modern 
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quantitative techniques, the role( s) of auxin and its relationship with ethylene 
in flower formation will remain unclear. 

Exogenous applications of ethylene either as a gas or with ethylene-releasing 
compounds such as ethrel inhibit or delay the promotion of flowering. It still 
remains unclear whether or not this inhibition is part of a natural regulatory 
mechanism (Abeles et al. 1992). Ethylene also has the ability to promote 
flowering in a limited number of plant species. The stimulatory effect of 
ethylene on flowering is best known for members of the pineapple family (De 
Greef et al. 1989) although ethylene effectively stimulates flowering in other 
plants as well. Today the promotion of flowering using either ethylene-releas
ing compounds or auxins which induce ethylene production have become an 
important horticultural practice (Abeles et al. 1992). 

Cytokinins applied to the apex of plants under noninductive photoperiods 
have been shown to cause cell divisions which occur early in flower initiation 
(Bernier and Kinet 1985). However, in most of the cases where exogenous 
applications have been reported to promote flower formation, the plants had 
either been partially or fully induced. For example, when applied during floral 
initiation, BA increased the floret count and capitulum size in the short-day 
plant Leucosperum cordifolium (Napier et al. 1986) and flower count in the 
short-day plant Schlumbergera truncata (Ho et al. 1985; Runger and Poole 
1985). Exogenous applications of cytokinins at times other than initiation 
stages either have no effect (Harkess and Lyons 1994), delay flowering, or 
increase branching (Runger and Poole 1985). The promotive effects of 
cytokinins on flowering may be indirect since it has been shown in Pharbitis 
nil that cytokinins can increase the translocation of a flower stimulus and 
assimilates from induced leaves (Ogawa and King 1979). There are a limited 
number of studies on the relationship between endogenous levels of cytokinins 
and flowering, therefore, at the present time the role of cytokinins in the 
promotion of flowering remains unclear (Kaminek et al. 1992; Mok and Mok 
1994). 

Exogenous applications of gibberellins under noninductive conditions have 
been shown to promote flowering in a variety of plant species (Zeevaart 1983; 
Harkess and Lyons 1994), including carrots as shown in Figure 8.1 (Lang 
1957). Gibberellins are probably the only one of the eight classes of plant 
growth substances discussed in this text to have a significant effect on flower
ing (Metzger 1987; Takahashi et al. 1991). Although there have been reports 
showing that exogenous applications of gibberellins have an effect on flowering 
there are also conflicting reports showing that they have no effect. A review 
of the literature shows that attempting to correlate endogenous levels of GA 
with flower promotion is a complicated undertaking. Technical difficulties arise 
when trying to analyze the over 90 different gibberellins found in plants. In 
addition, it is difficult to link gibberellins with the flowering process, when a 
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Figure 8.1. Effect of gibberellin on flower formation in carrot. Left, control received 
neither cold nor gibberellin treatment; center, received no cold but was treated with 
gibberellin; right, received cold treatment but no gibberellin (Lang 1957). 
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single GA may be mediating a physiological process in a given species, while 
others may be precursors or deactivation products (Takahashi et al. 1991). 
Although gibberellins have been shown to have a variety of roles in reproduc
tive development, more research is necessary before a definite role for gibberel
lins can be assigned (Takahashi et al. 1991; Metzger 1987; Boyle et al. 1994). 

Physiological evidence indicates that there is the existence of a graft-trans
missible flower inhibitor. Following the discovery of ABA it was thought that 
this compound was responsible for causing inhibition of flowering. However, 
research has shown that ABA probably does not play a significant role in the 
regulation of flower formation as a graft-transmissible inhibitor (Metzger 1987; 
Davies and Jones 1991). 

Salicylic acid has been shown to promote flowering in several plant species, 
however, its mechanism of action remains unknown (Raskin 1992). At the 
present time brassinosteroids and jasmonates have not been shown to be in
volved in the flowering process, however, more work is necessary before 
definitive statements can be made. 

EFFECTS OF PLANT GROWTH SUBSTANCES 
ON STEM/INFLORESCENCE GROWTH IN ROSETTE 
PLANTS AND SEX EXPRESSION 

Once flower primordia has been initiated there are many highly coordinated 
developmental steps which lead to flower opening and subsequent fertilization. 
In this section stem/inflorescence growth in rosette plants and sex expression 
will be discussed. The effects of plant growth substances in other aspects of 
reproductive development will be covered in Chapter 10. 

Gibberellins and Stem/Inflorescence Growth 

Both long-day and cold-requiring plants typically grow as rosettes until they 
are exposed to an inductive treatment. In these plants the formation of flowers 
is closely related to bolting (rapid stem elongation). Application of gibberellins 
to a wide variety of long-day and cold-requiring plants will induce flower 
formation under noninductive conditions, suggesting that gibberellins are limit
ing in noninduced plants. Gibberellins have also been shown to enhance flower
ing in short-day plants; however, they must be grown under inductive condi
tions otherwise treatments are ineffective (Weaver 1972; Takahashi et al. 
1991). The formation of flowers in long-day and cold-requiring plants has been 
shown to be controlled by regulating endogenous levels of gibberellins using 
GA biosynthesis inhibitors (Jones and Zeevaart 1980 a, 1980 b; Metzger 1985). 
In addition, there have been reports showing that changes in endogenous levels 
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of gibberellins occur during flowering, thereby supporting inhibitor studies. 
However, it is still difficult to make any general conclusions on the involve
ment of endogenous gibberellins on stem/inflorescence growth based on the 
limited number of studies with only a few of the more than 90 gibberellins 
known today (Metzger 1987; Takahashi et al. 1991). 

Plant Growth Substances and Sex Expression 

The study of sex in plants by man started many years ago with Empedocles 
(485-455 B.C.), Aristotle (384-322 B.C.), and Aristotle's student Theophras
tus (370-322 B.C.). However, it was not until about 35 years ago that the 
effects of plant growth substances on the modification of sex expression in 
plants began to be studied (Chailakhyan and Khrianin 1987). Prior to discuss
ing the effects of plant growth substances on sex expression a brief explanation 
of flowering terminology will be given in order to provide a better understand
ing of their involvement in this process. Flowers can be broken down into two 
different groups: those which are perfect, containing both pistils and stamens, 
or imperfect, containing either pistils or stamens. A monoecious plant such as 
maize has both male and female flowers on the same plant, while, dioecious 
plants such as spinach have male and female flowers on separate plants. The 
sex of imperfect flowers has a genetic basis, but environmental factors such as 
photoperiod, temperature, and nitrogen status influence this process (Metzger 
1987). There have been numerous reports showing that exogenous applications 
of plant growth substances can modify the sex of flowers, suggesting that these 
substances mediate genetic and environmental control of sex expression 
(Chailakhyan and Khrianin 1987). 

The effects of plant growth substances on sex expression have been exten
sively studied in Cucumis. Early studies showed that when auxin was applied 
to Cucumis there was an increase in the number of female flowers, while 
exogenous applications of gibberellins resulted in a stimulation of male flowers 
(Jones and Zeevaart 198Oa, 1980b; Pharis and King 1985). It has since been 
shown that auxin-induced ethylene is responsible for the change in sex express
ion (Abeles et al. 1992). In many cases, changes in endogenous levels of either 
auxin or GA correlate with the expression of female or male flower formation. 
Overall, it is now generally accepted that sex expression in Cucumis is regu
lated by an internal balance of auxins acting through ethylene (Figure 8.2) and 
gibberellins. However, there have also been reports showing no correlation 
between endogenous levels of auxin or gibberellin with respect to sex express
ion, suggesting that plant growth substance balance may not be the only factor 
determining sex expression in Cucumis. 

Exogenous applications of auxins, ethylene, or gibberellins have been shown 
to affect sex expression in Cannabis sativa in the same way as in Cucumis. In 



Chap. 8 Flowering 185 

Figure 8.2. Female flower (left) from cucumber plant treated with ethephon and male 
flower (right) from untreated plant (Robinson et aI. 1970). 

Cannabis cytokinins have also been shown to promote femaleness. Studies 
evaluating endogenous levels of auxins, ethylene, gibberellins, or cytokinins in 
Cannabis have been shown to correlate with changes in sex expression induced 
by external treatments (Metzger 1987). Plant growth substances have also been 
reported to be involved in sex expression in begonia, hops, grape, muskmelon, 
squash, pumpkin, tomato, and cotton (Weaver 1972). The use of plant growth 
substances in the modification of sex expression in plants has a great deal of 
potential in seed production and in breeding programs (Chailakhyan and 
Khrianin 1987). 

MOLECULAR BIOLOGY OF FLOWERING 

As mentioned earlier there is a large body of descriptive information on the 
physiology and biochemistry of flowering; however, the molecular mechanisms 
which control flowering still remain unclear. There have been numerous recent 
advances in molecular biology of flowering which now provide an opportunity 
to study the molecular mechanisms involved in this process. The potential to 
genetically manipulate flower development will accelerate progress in research 
leading to agricultural applications. In a text by Jordan (1993), a group of 
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scientists were assembled providing exciting information on recent advances on 
the molecular biology of flowering; therefore, for more information in this area 
see this text and references contained within. 
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CHAPTER Abscission 

9 

Many years ago the Greek philosopher Theophrastus, a student of Aristotle, 
described leaf abscission habits in higher plants. Since this time a great deal of 
research has been done in the area of abscission; in fact, manipulation of the 
abscission process is a common agricultural practice today. Abscission may be 
defmed as the separation of a plant part, such as a leaf, flower, fruit, seed, stem, 
or others from the parent plant. Although we typically think of abscission occur
ring only in higher plants, it is also very common in lower plants. The occurrence 
of abscission is highly variable within species and cultivars of a species. 

The most common example of abscission involves the separation of cells 
within specialized tissues in an abscission zone. In these cases the separation 
layer must be alive and have the ability to produce hydrolytic enzymes which 
promote abscission. This process can occur either very rapidly or slowly. In 
certain cases external mechanical forces such as wind are required to complete 
the abscission process. Although abscission occurs in a wide variety of plant 
parts both higher and lower, discussion will be limited to abscission habits in 
leaves, branches, flowers, fruits, and seeds in higher plants. 
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Leaves may live from weeks to years prior to senescence and abscission. 
Leaves can exhibit three patterns of abscission: 

1. In many deciduous trees and shrubs grown in the temperate zone, seasonal 
abscission of leaves occurs within a very short period of time in response to 
environmental factors such as shortening photoperiod and cold. 

2. Many deciduous trees and shrubs grown in tropical and subtropical regions shed 
their leaves in response to changes in growth and vigor of the plant. For example, 
stress due to drought conditions will promote abscission; however, once the plant 
receives water, leaf growth will be promoted. The cycle of abscission and forma
tion of leaves can occur many times over the course of a year. 

3. In evergreens grown in subtropical and temperate regions vemalleaf abscission of 
the previous season's growth occurs during the new flush of growth in the spring. 

Branch abscission may also function in plants as a type of self-pruning habit. 
In some species branches abscise rapidly, suggesting that hydrolytic enzymes 
were produced and efficiently promoted the abscission process. However, there 
are also cases where only partial separation occurs, suggesting that the hy
drolytic process was not complete. When this occurs factors such as wind or 
other mechanical forces assist in abscission. 

Abscission of flowers, fruits, and seeds commonly occurs in higher plants, 
facilitating reproduction. In some species a large number of flowers are pro
duced in order to assure that fruits are produced. In these species once some 
fruit are set and begin to develop, excess flowers are abscised in order to avoid 
the production of more fruit than can develop to maturity. In some species a 
large number of young fruits are produced, however, abscission of excess fruits 
occurs as a safety mechanism. Dispersal of seeds is extremely important for a 
plant species to survive. However, without abscission of seeds from the pla
centa and dehiscence, which is a form of abscission, seed dispersal would not 
occur. Today either the promotion or inhibition of abscission is very important 
in agriculture. 

ANATOMY OF ABSCISSION 

The abscission process has two very important parts which were first described 
by Von Mohl (1860a, 1860b, 1860c), separation and protection (wound heal
ing). During leaf abscission both processes usually occur almost simultaneous
ly, although there are cases where they occur separately. Abscission occurs in 
a variety of plant parts; however, only leaf abscission will be discussed since 
there is a large body of research in this area (for more information on the 
anatomy of abscission in leaves and other plant parts see Webster (1968); 
Addicott (1982); and Osborne (1989). 
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Ibers 

L,Q~w..~~~~~~-----vascular b nd e 

~~~~--------absclsSlon zo e 

Figure 9.1. The leaf abscission layer of cells (Addicott 1965). 

Abscission of leaves, branches, flowers, fruits, and seeds in most plant 
species is preceded by the formation of an abscission zone or layer of special
ized cells (Addicott 1982; Osborne 1989). The presence and even number of 
abscission zones differs among species, for example, coleus has one abscission 
zone at the base of the petiole, citrus and bean have two abscission zones, one 
at the base of the petiole and another at the base of the leaf, while tobacco has 
no abscission zones (Weaver 1972). In plant species with compound leaves, 
each leaflet has an abscission zone. An example of an abscission zone across 
the petiole near its junction with the stem is shown in Figure 9.1. The abscis
sion zone is made up of one or more layers of thin-walled parenchyma cells 
extending across the petiole and excluding the vascular bundle (Figure 9.1). 
Prior to abscission, the middle lamella between cells located farthest from the 
stem (distal region) is digested. This results from de novo produced polysac
charide-hydrolyzing enzymes such as cellulases and pectinases, which are se
creted from the cytoplasm into the cell wall. Along with the digestion of the 
cell wall, there is a burst of respiration and ethylene production in cells 
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contained within the abscission zone closest to the stem (proximal region). The 
proximal cells of the abscission zone increase in length and diameter while 
cells located distally to this region do not. The combination of middle lamella 
degradation and mechanical forces generated by this differential growth results 
in separation. 

PHYSIOLOGY OF ABSCISSION 

Effects of Temperature, Oxygen, 
and Nutritional Factors 

Temperature determines the rate at which abscission occurs. Fitting (1911) 
showed that with increasing temperatures there were accelerated rates of petal 
abscission. Since this time it has been shown that there is a temperature 
optimum for maximum abscission. In beans this optimum is 25°C, whereas in 
cotton it is 30°e. The 010 (Figure 9.2) for this process is 2, which is character
istic for chemical reactions. Molisch (1886) showed that when branches were 
submerged in water the abscission process was retarded. From this experiment 
he concluded that oxygen is essential to the abscission process. It has since 
been shown that the rate of abscission is strongly affected by the percentage of 
oxygen in the atmosphere surrounding the explant. In cotton plants abscission 
follows a double sigmoid curve with increasing oxygen concentrations: up to 

10 

K2 = rate at high temperature 

Kl = rate at lower temperature 

T 2 = high temperature 

T 1 = low temperature 

Figure 9.2. Equation for calculating the QlO for a given process. 
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10% O2 there is a rapid increase in abscission, between 10% and 20% O2 there 
is a plateau phase and a second sharp rise in abscission at about 25% 02. At 
the present time there is no explanation for the acceleration of abscission by 
oxygen treatment above 25%. It has been suggested that the high levels of 
oxygen promote oxidative inactivation of IAA by enhancing IAA oxidase 
resulting in lower levels of IAA in the tissue. Another possibility is that oxygen 
stimulates the conversion of ACC to ethylene, which promotes abscission 
(Addicott 1982). 

Nutritional factors such as carbohydrate, nitrogen, and mineral elements 
have been shown to have an effect on the abscission process. It has been shown 
that conditions which promote high carbohydrate such as high light which 
stimulates photosynthesis retard abscission, whereas conditions which promote 
low carbohydrates accelerate abscission. This is supported by experiments 
showing that the application of sucrose to explants retards abscission. It is 
thought that high carbohydrates in the plant contribute to the vigor of fruits and 
leaves. In general this increased vigor will enable these organs to more readily 
synthesize plant growth substances required for growth, development, and 
inhibition of abscission. It is generally accepted that plants given supplemental 
nitrogen retain their leaves longer and set more fruit than nitrogen-deficient 
plants. These plants typically have high levels of amino acids and other nitro
genous compounds which serve as building blocks for the synthesis of DNA, 
RNA, protein, and other factors which prevent abscission. It has also been 
shown that high-nitrogen plants also contain higher levels of auxins and 
cytokinins. Vigorously growing plants have the ability to delay abscission of 
their leaves and other plant organs by maintaining high levels of auxins and 
lower amounts of abscisic acid across the abscission zone. In addition, the 
higher levels of cytokinins may make leaves or other plant organs strong sinks 
promoting high rates of transport of carbohydrates and other materials which 
prevent abscission. Mineral elements are required for essential biochemical 
reactions in plants. If an essential element becomes limited abscission of leaves 
and/or other plant organs is likely to occur. Skoog (1940) showed that the 
proper levels of zinc nutrition are required in order to maintain normal levels 
of auxin within the plant, in fact, one of the first signs of zinc deficiency is 
reduced levels of auxin. It is now generally accepted that zinc deficiency is 
very effective in accelerating abscission. Calcium has also been shown to be 
involved in the abscission process. It is known that calcium pectate is the major 
constituent of the cell wall, particularly in the middle lamella. During abscis
sion calcium is undetectable in the separation layer and adjacent cells. Plants 
which are deficient in calcium have been shown to readily abscise their leaves, 
whereas exogenous applications of calcium can retard the process possibly by 
making cell walls more resistant to hydrolases (Addicott 1982). 
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Effects of Plant Growth Substances 

Ethylene and Auxins. The ability of ethylene to promote abscission was 
shown many years ago (Wehmer 1917) and since this time there have been 
many reports on the ability of ethylene to stimulate abscission (Addicott 
1982; Osborne 1989; Abeles et a1. 1992). As mentioned earlier the physiology 
and biochemistry of abscission in leaves, fruits, flowers, and other organs is 
similar; however, not all plant organs have a preformed abscission zone nor 
are they all sensitive to ethylene (Abeles et al. 1992). In many dicotyledenous 
plants abscission can be induced by exogenous applications of ethylene (Fig
ure 9.3). It is generally accepted that all plant parts produce ethylene and 
that ethylene generally increases in any ripening or senescing organ prior to 
and during abscission of that organ indicating a strong link between ethylene 
and abscission (Osborne 1989; Abeles et a1. 1992; Addicott 1982). Exogenous 
applications of auxin made distally (located on the leaf side of the abscission 
zone) to the abscission zone have been shown to delay senescence, whereas 
proximal (located on the stem side of the abscission zone) applications 
accelerate the process. It has also been shown that when endogenous levels 

Figure 9.3. Petal abscission in regal Pelargonium plants following treatment with 
ethylene (courtesy of C. F. Deneke). 
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of auxin in the leaves or other plant organs are reduced, abscission typically 
occurs (Addicott 1982; Guinn and Brummett 1988; Osborne 1989; Abeles et 
al. 1992). Therefore, it is generally accepted that abscission is enhanced when 
proximal quantities of auxin are equal to or larger than distal quantities. High 
distal concentrations of auxin are effective in inhibiting abscission only during 
a critical period of time. When abscission zones are in stage 1, abscission is 
inhibited by auxin, while in stage 2 auxins stimulate abscission. It has been 
shown that exogenous ethylene applications made during stage 1 are ineffec
tive in stimulating abscission probably due to the sensitivity of the tissue, 
whereas, during stage 2 ethylene strongly promotes abscission. The length of 
time for an explant to complete stage 1 depends on the species and environ
ment. Young leaves are rich in auxin but as the leaves age and become less 
productive as a result of stress or shading, auxin levels decline. Eventually 
the abscission zones lose sensitivity to auxin and become sensitive to ethy
lene. Hall (1952) was the first to propose that auxin was involved in con
trolling the aging process and that aging regulated the sensitivity of the tissue 
to ethylene. This theory has since been supported by others who have shown 
that auxins and cytokinins, which slow the aging process, also retard leaf 
(Abeles et al. 1967), fruit (Griggs et al. 1970), and flower abscission 
(Roberts et al. 1984; Tanaka et al. 1985). It was suggested that auxin 
blocked ethylene action by delaying the aging process. After the aging pro
cess had been initiated auxins no longer delayed abscission but instead stimu
lated abscission by enhancing ethylene production (Rubinstein and Abeles 
1965). 

Absdsic Acid. Pioneering studies leading to the discovery of ABA sug
gested that it was the plant growth substance directly responsible for abscission. 
In fact, ABA was first isolated and characterized using a cotton explant abscis
sion-accelerating bioassay to evaluate activity (Davies and Jones 1991). Since 
this time there have been a number of studies attempting to correlate en
dogenous levels of ABA with abscission. However, it has been difficult to show 
that ABA is directly involved in the abscission process since in many cases 
endogenous levels of ABA were shown to increase prior to the initiation of cell 
separation (Osborne 1989; Davies and Jones 1991; Addicott 1982), suggesting 
that ABA was indirectly involved in the promotion of abscission. It is generally 
accepted that under stress conditions ABA levels are increased, thereby accel
erating the senescence process which eventually leads to abscission. Since ABA 
accelerates the senescence process it becomes difficult to separate enhanced 
ethylene production which normally occurs in senescing tissues and ABA 
effects. 

ABA has been shown to speed the rate of abscission in most explant systems 
which have been tested. Initial studies suggested that ABA directly enhanced 
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ethylene production by plant tissue. Upon closer evaluation it was shown that 
ABA promoted premature senescence, resulting in the production of ethylene, 
which in turn promoted abscission. It has also been shown that 
aminoethoxyvinylglycine (A VG) (an inhibitor of ethylene biosynthesis) had 
the ability to block the accelerated abscission promoted by ABA and that 
exogenous application of ethylene promoted abscission even in the presence of 
A VG, indicating that ABA had no effect independent of its promotion of 
ethylene production. There have been numerous attempts to remove ethylene 
from ABA-treated tissues, thereby providing proof that ABA is directly in
volved in the promotion of abscission. However, in all of these reports the air 
surrounding the tissue had lower levels of ethylene, but endogenous levels 
could not be depleted sufficiently to provide unequivocal doubt that ethylene 
was not causing an effect. One must remember that ethylene is a very active 
plant growth substance required in only trace amounts to be effective. Further 
studies with ABA and/or ethylene mutants may clarify this matter in the future 
(Osborne 1989). 

Other Plant Growth Substances. Gibberellins have been shown to promo
te abscission; however, in these cases it was reported that the response was due 
to a stimulation of ethylene production rather than due to GA itself (Morgan 
and Durhan 1975; Wittenbach and Bukovac 1973). There have also been 
reports showing that GA can delay abscission by increasing the ability of that 
organ to act as a sink (Addicott 1982). Cytokinins have also been reported to 
have a potential role in abscission although information in this area is very 
limited. It has been shown that when cytokinins are applied to young fruits 
there is a stimulation in growth and a retardation of abscission. As mentioned 
earlier in the chapter on senescence, cytokinins delay leaf senescence in a 
variety of plant species; this effect indirectly results in delaying the abscission 
process (Addicott 1982). Therefore, it has been suggested that when cytokinins 
are applied to different plant organs it makes them a strong sink diverting 
nutrients and other materials to this area, thereby delaying the abscission 
process. Although, cytokinins can retard abscission, the site of application will 
determine whether it retards or promotes it. When cytokinins are applied at 
sites distant from the abscission zone there tends to be an acceleration of the 
abscission process, whereas applications directly to or above the abscission 
zone inhibits it. Exogenous applications of jasmonates have been shown to 
promote chlorophyll degradation and many other effects associated with the 
senescence process. It is thought that jasmonates promote leaf abscission by 
accelerating senescence. It is tempting to suggest that jasmonates may be 
directly involved in abscission, however, their effect on senescence and subse
quent leaf abscission may be indirect since it has been shown that methyl 
jasmonate stimulates ethylene biosynthesis, a plant growth substance known to 
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be involved in abscission. The effects of jasmonates on the abscission process 
may also be due to their structural similarity to ABA (Sembdner and Parthier 
1993). 

In a review by Osborne (1989) ethylene is identified as the signal which 
initiates the abscission process in dicotyledonous plants. Evidence supporting 
this theory includes the ability of the following treatments to delay abscission: 

1. Hypobaric conditions around the abscission zone (removes ethylene). 

2. Suppression of ethylene production with inhibitors of ethylene biosynthesis such 
as AOA, A VG, Co2 + or anoxia. 

3. Blocking ethylene action with silver thiosulfate or norbornadiene. 

Although there is a considerable amount of evidence implicating ethylene 
in the abscission process it is still possible that an uncharacterized material 
termed senescence factor may be the direct cause of abscission (Addicott 1982) 
or that it may be due to an interaction between known and unknown plant 
growth substances. 

AGRICULTURAL ABSCISSION 

Most if not all cultivated plants do not always cooperate with respect to their 
abscission habits, thereby presenting a problem in agriculture. Until fairly 
recently, methods for manipulating the abscission process in agricultural crops 
were limited. Prior to this time growers had to thin fruits, flowers, leaves, and 
other organs by hand, which is a very tedious and cost-ineffective process. 
Cultural conditions such as optimal mineral nutrition, water supply, and elim
ination of abiotic and biotic stresses may be used to retard abscission. In this 
section agricultural practices designed for promoting or delaying the abscission 
process in leaves will be discussed. In Chapter 10 agricultural practices to delay 
or promote abscission in flowers and fruits will be discussed. 

Leaf Abscission 

Promotion. The use of chemicals to defoliate plants for agricultural pur
poses began when it was found that foliar applications of calcium cyanamid 
could cause leaves to abscise from cotton plants, thereby facilitating mechan
ical harvesting of the bolls. Other chemicals such as thidiazuron (Droop), 
ammonium nitrate, endothall, paraquat, sodium cacodylate, sodium chlorate, 
tributyl phosphorotrithioate, and tributyl phosphorotrithioite have been found to 
be effective (Addicott 1982; Plant 1981). Ethephon (an ethylene-releasing 
compound) has been evaluated as a cotton defoliant; however, others are 
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cheaper and have fewer side effects. Thidiazuron has been shown to be effec
tive as a cotton defoliant when applied as a preharvest spray. Chemicals such 
as paraquat can also be used either as defoliants or desiccants depending on 
the timing and concentration used. When using chemicals as defoliants they 
must be applied seven to 14 days prior to harvest so abscission can be induced. 
When used as desiccants they are applied at higher concentrations one or two 
days prior to harvest and cause the foliage to rapidly lose water and abscise. 
If the water loss occurs too rapidly and the abscission layer does not have 
adequate time to form, drying leaves will remain attached to the plant, causing 
problems with harvest. The advantage of desiccants over defoliants is that they 
can be used later than defoliants, thereby allowing the leaves to photosynthesize 
for longer periods which maximizes yields. 

Defoliation of nursery plants is done in some areas of the United States prior 
to digging and shipment. Ethephon has been shown to be effective in defoli
ation of deciduous nursery stock (Abeles et al. 1992). An inexpensive way to 
defoliate plants on a small scale is to place buckets of ripening apples in a 
closed room with plants to be defoliated. The ethylene evolved from these 
apples will be enough to promote abscission. This practice is commonly done 
on small farms where expense is a critical factor. 

Delaying. The ability to retard or prevent leaf abscission is important in 
floriculture and nursery crops especially during shipping. NAA applications 
have been shown to prevent abscission of leaves and berries of holly during 
shipment (Roberts and Ticknor 1970). Another example where NAA is effec
tive in delaying abscission is its ability to delay needle abscission during 
shipment of conifers used as Christmas trees (Worley and Grogan 1941). 
Although there are other reports showing that plant growth regulators delay leaf 
abscission, the best way to prevent it is through good cultural practices such as: 

1. Providing optimal mineral nutrition, especially nitrogen. 

2. Avoiding water stress and other types of stress which lead to the production of 
ethylene or ABA. 

3. Avoiding the accumulation of ethylene and keeping respiration rates low during 
shipment or storage. 

4. When the production of ethylene cannot be avoided ethylene scrubbers, biosynth
esis inhibitors or action inhibitors have been shown to be useful (Addicott 1982; 
Abeles et al. 1992). 
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CHAPTER 

10 
Physiology of Fruit 
Set, Growth, 
Development, 
Ripening, Premature 
Drop, and Abscission 

Regulation of fruit set, growth, development, ripening, premature fruit drop, 
and subsequent abscission is very important in agriculture. Prior to discussing 
the regulation of these processes background information starting with pollina
tion, which is the transfer of pollen from the anther to the stigma, will be 
provided. Once pollination has occurred the pollen tube grows down the style 
into the ovary until it reaches the embryo sac within the ovule. Two male 
gametes from the pollen tube are inserted into the embryo sac, one of which 
unites with the female gamete, a process known as fertilization, to produce a 
zygote which divides to become the embryo. The other unites with two polar 
nuclei to produce the endosperm. The ovary gives rise to the fruit, which may 
be defined as the structure which results from the development of tissues which 
support the ovules of the plant (Nitsch 1965) and the ovule leads to the seed 
(Figure 10.1). 
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Figure 10.1. Angiosperm plant flower structure (from Hartmann et al. (1990». 



202 Chap. 10 Physiology of Fruit Set, Growth, Development, Ripening 

PHYSIOLOGY OF FRUIT SET 

Fruit set may be defined as the rapid growth of the ovary which usually follows 
pollination and fertilization. Both pollination and fertilization must normally 
take place to produce viable seed. However, there are cases where development 
of fruits occur without pollination or fertilization resulting in seedlessness; this 
process is called parthenocarpy. There are two types of parthenocarpy which 
have been found, one is vegetative parthenocarpy, which is characterized by 
the development of fruit without pollination (e.g., pineapple and Washington 
Navel orange). The other is stimulative parthenocarpy which requires the 
stimulus of pollen without subsequent fertilization in order to set fruit (e.g., 
Black Corinth grape) (Weaver 1972). 

Effects of Auxins and Gibberellins on Fruit Set 

Synthetic auxins such as NAA have been shown to be most effective in 
promoting set in fruits having multiple ovules such as strawberry, squash, fig, 
tomato, rose, tobacco, eggplant and others. lAA is much less effective in 
promoting fruit set than the synthetic auxins, probably because it is unstable in 
the light and can be broken down by lAA oxidase within the plant or converted 
to inactive conjugates (Weaver 1972). Gibberellins also have the ability to 
promote fruit set in all plants which are responsive to auxins plus a number of 
others such as blueberries, citrus, grapes, and stone fruits (Coggins et al. 1966; 
Crane et al. 1960, 1961) where auxins were shown to be ineffective (Weaver 
1972). Gibberellic acid (GA3) has been shown to be the effective gibberellin 
in many cases. The induction of parthenocarpy by gibberellins has been re
ported in a number of plants including grape, peach, apricot, almond, and 
tomato; however, there is a considerable amount of specificity among the 
gibberellins in the promotion of parthenocarpy and also varietal differences 
(Weaver 1972). 

Bukovac and Nakagawa (1967) treated emasculated flowers from Wealthy 
apple trees with GAl through GAIO and GAl4 by applying lanolin paste containing 
5 mM GA to the cut style and adjacent receptacle tissue. Unpollinated controls 
treated with lanolin alone did not enlarge and abscised within two or three 
weeks after treatment. After four weeks, styles treated with G~ and GA7 had 
growth rates equal to the pollinated controls, while other gibberellins tested 
exhibited low growth rates at this time. It is not surprising that G~, and GA7 
are very active since they have been found to be the predominate gibberellins 
in apple seeds (Dennis and Nitsch 1966). 
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Effects of Cytokinins, Abscisic Acid, and Ethylene 
on Fruit Set 

Synthetic cytokinins have been shown to be effective in increasing fruit set 
in grapes (Weaver 1972), figs (Crane 1965), and muskmelon (Jones 1965). It 
has been suggested that the ability of cytokinins to mobilize assimilates to the 
area of application is responsible for increased fruit set. However, if this were 
true cytokinins should be effective in increasing fruit set in a wide range of 
plants and this has not been found. Abscisic acid and ethylene cause abscission 
of flowers and young fruits so their effects on fruit set are negative. 

PHYSIOLOGY OF FRUIT GROWTH 
AND DEVELOPMENT 

Fruits undergo dramatic increases in size following anthesis. An example of 
this is the apple which may increase in volume up to 6,000 times during a 
20-week growth period (Luckwill 1957). Fruit growth typically follows two 
distinct growth curves. One type is a smooth sigmoid curve which is exhibited 
by many plants including apples, pears, tomatoes, cucumbers and strawberries 
(Figure 10.2). The second type of growth curve is represented by a double 
sigmoid which can be viewed as two successive sigmoid curves, examples of 
this type of fruit growth are blueberries, grapes, figs and many stone fruits 
including cherries, olives and peaches. This type of growth pattern has two 
periods of rapid growth separated by an intermediate period where little or no 
growth occurs. During the first stage of rapid growth the ovary and its contents 
grow rapidly except for the embryo and endosperm. Stage 2, which appears to 
be a plateau, is characterized by growth of the embryo and endosperm, lignifi
cation of the endocarp, and a small amount of growth of the ovary wall. In 
stage 3, rapid growth of the mesocarp occurs promoting a rapid increase in fruit 
size followed by maturation (Figure 10.2). 

Effects of Plant Growth Substances on Fruit Growth 
and Development 

The use of plant growth substances to control fruit set, size, shape, and 
maturation has become important in agriculture today because they have the 
ability to increase fruit size, color, and shape, thereby increasing marketability. 
In addition, by hastening or delaying maturation the grower can utilize peak 
demands, avoid unfavorable environmental conditions, and extend the market 
period. 

Auxins and Fruit Growth. Two lines of evidence have been presented 
showing that auxins are involved in fruit growth. First, there is a correlation 
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Figure 10.2. Typical fruit growth curves: (a) Smooth sigmoid curve; and (b) double 
sigmoid curve. 



Chap.10 Physiology of Fruit Set, Growth, Development, Ripening 205 

between seed development and final size and shape of the fruit. Second, 
exogenous applications of auxins to certain fruits at particular stages of their 
development induces a growth response. 

Fruit size and shape is closely correlated with seed number and seed dis
tribution in many fruits. Muller-Thurgau (1898) was the first to report in grapes 
that there was a direct correlation between size of the berry and number of 
seeds. Since this time it has been shown that the endosperm and embryo in the 
seed produces auxin, which moves outward and stimulates growth of the 
endosperm (Nitsch 1950; Dreher and Poovaiah 1982; Mudge et al. 1981; 
Southwick and Poovaiah 1987). 

The location of the seeds within the fruit has a profound effect on its shape. 
This phenomenon has been extensively studied in strawberries because the 
achenes surround the fleshy receptacle on the outside and are easy to remove. 
Each achene induces growth of the receptacle tissue around it, therefore, when 
varying numbers of achenes are removed from young fruits different shapes 
can be produced (Nitsch 1950; Mudge et al. 1981). When insufficient pollina
tion of strawberry flowers occurs a small number of achenes develop distorted 
fruits. Nitsch (1950), working with strawberries, was the first to convincingly 
show that developing achenes have a dramatic effect on fruit growth. He 
showed that when achenes were completely removed from the receptacle, 
growth ceased. When several achenes were left attached to the receptacle, 
growth occurred directly below the achene. These experiments suggested the 
possibility that auxins which are contained in the achenes were affecting 
receptacle growth. Evidence that auxins were involved in regulating fruit 
growth was presented by Nitsch (1950). He showed that when all achenes were 
removed and replaced with lanolin paste alone there was no growth. However, 
when all achenes were removed and lanolin paste containing 100 ppm P-NOA 
was added, the receptacle grew the same as the strawberry fruit, where no 
achenes had been removed (Figure 10.3). Since this time other researchers have 
obtained similar results with B-NOA and other auxins (Mudge et al. 1981). 

Although there have been a number of studies showing a close correlation 
between the number of seeds and final fruit size and between seed distribution 
and shape of the fruit there is generally not a close correlation between the 
total amount of auxin produced in the seeds and fruit growth (Nitsch 1952 
1955; Dreher and Poovaiah 1982) (Figure 10.4). 

Most of the molecular studies on the mechanisms of auxin action have 
focused on auxin-induced cell elongation, while little is known about how 
auxins regulate physiological processes such as fruit growth and development 
which involves cell division, cell elongation, and differentiation. Recently, 
researchers using strawberry as a model system have begun work on the 
elucidation of auxin involvement in fruit growth and development at the mo~ 
lecular level (Reddy and Poovaiah 1990). They have isolated and characterized 
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Figure 10.3. Effect of the removal of fertilized achenes and auxin application on 
growth of the strawberry receptacle: (a) Control; (b) all achenes removed and lanolin 
paste applied to the receptacle; (c) all achenes removed, but lanolin paste containing 
100 ppm !l-napthoxyacetic acid was applied to the receptacle; and (d) growth occurring 
under three fertilized achenes (magnified three times) (Nitsch 1950). 

a cDNA (ASARS) for an auxin-repressed mRNA and have shown a positive 
correlation between repression of mRNA corresponding to ASAR5 and fruit 
growth. During the development of pollinated fruits ASARS was dramatically 
reduced. They also showed that when pollinated fruits were deachened, the 
fruits did not grow and the auxin-repressed mRNA level increased. However, 
when exogenous applications of auxins were made to deachened fruits, growth 
occurred and a reduction in ASARS was observed. Variant genotypes of straw
berries which will not grow in the absence of exogenous auxin showed very 
high levels of expression of ASARS. However, when exogenous auxin applica
tions were made ASARS was reduced dramatically (Reddy and Poovaiah 
1990). These studies provide a foundation for research in this area which may 
lead to a better understanding of how auxins regulate fruit growth and devel
opment at the molecular level. 

GibbereUins and Fruit Growth. Seeds are rich sources of gibberellins; 
therefore, as with auxin it was suspected that they were somehow involved in 
fruit growth. The ability of exogenous applications of gibberellins to induce 
parthenocarpic fruits suggests that they were involved in fruit growth. It has 
been shown that growth patterns of parthenocarpic fruits produced by 
exogenous gibberellin application closely paralleled patterns induced under 
normal conditions in peaches (Crane et al. 1960), grapes (Weaver and McCune 
1960), and other crops (Weaver 1972). The time of GA applications has a 
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Figure 10.4. Changes in auxin levels (solid line) and fruit diameter (dashed line) in 
Marshall strawberry (Nitsch 1952, 1955). 

profound effect on the ability to promote enlargement of fruits and berry shape 
(Christodoulou et al. 1968; Zuluaga 1968). As shown in Figure 10.5, gibberel
lin treatments made at the time of full bloom elongate the berries and later 
applications produce larger berries (Christodoulou et al. 1968). The enhance
ment of fruit growth promoted by gibberellins in seeded varieties of grapes is 
generally minimal. When there is an increase in the size of seeded varieties of 
grape it is generally associated with a lower number of seeds found within the 
fruit, suggesting that endogenous levels of GA are affecting fruit size and when 
they are high enough exogenous applications have no effect. Gibberellins and 
auxins have been shown to have a synergistic effect on the growth of tomato 
fruits (Luckwill 1959). There is also evidence in the literature that gibberellins 
will promote a stimulation of endogenous auxin levels (Sastry and Muir 1963), 
further suggesting an interaction between the two. 

Gibberellins have been shown to affect fruit shape. Asymmetric fruit growth 
can be induced in seeded and parthenocarpic apple and Japanese pear by 
localized GA4 and GA, application to one side of fruits two weeks after bloom 
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Figure 10.5. Effects of gibberellin treatments on grape berry size and shape. 

(Nakagawa et al. 1968; Bukovac and Nakagawa 1968) (Figure 10.6). The 
number and size of cells on the treated side increases while the untreated side 
remains unchanged. Both seeded and seedless fruit respond to applications of 
GA3 by producing longer fruit (Westwood and Bjornstad 1968). 

There is little correlation between endogenous levels of gibberellins within the 
fruit and fruit growth as is the case with auxins. The concentrations of gibberel
linlike substances in the seed, endocarp, and mesocarp of apricot fruits have been 
shown to correlate with the growth rate of these specific tissues between anthesis 
and maturity but not with total fruit growth (Jackson and Coombe 1966). This 
lack of correlation between endogenous levels of gibberellins and fruit growth 
has also been shown in grapes (Iwahori et al. 1968), apples (Luckwill et al. 1969), 
peaches (Jackson 1968), and others (Weaver 1972). 

Cytokinins and Fruit Growth. Young developing fruits have rapidly divid
ing cells, and the seeds contained within them have been shown to be rich 
sources of cytokinins (Letham 1967; Kaminek et al. 1992), suggesting that they 
play an important role in fruit growth. Exogenous applications of cytokinins on 
grapes have shown mixed results. In seedless Black Corinth grapes berry size 
was increased (Weaver and van Overbeek 1963), but berry size in Thompson 
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Figure 10.6. Effects of localized GA. treatments as indicated by arrows two weeks 
after full bloom in Wealthy apple: seeded nontreated (left) seeded treated with GA4 
(center) and parthenocarpic treated with GA4 (Bukovac and Nakagawa 1968). 

Seedless grapes was only slightly increased (Weaver et at. 1966), and in seeded 
varieties cytokinins actually reduced berry size. Available results indicate that 
cytokinins exert most of their effect on fruit set, while gibberellins affect 
mostly fruit growth and auxins affect fruit set and growth. 

Exogenous applications of N-(purine-6-yl)-a-phenylglycine, BPA, BA, and 
zeatin have been shown to promote apple fruit enlargement and development 
of calyx lobes in Delicious apples (Williams and Stahly 1969). Working with 
Cox Orange Pippin apples it was shown that exogenous applications of zeatin 
suppressed fruit elongation and weight (Letham 1968). However, it is possible 
that factors such as concentration, type of cytokinin used, and timing may have 
been responsible for the negative effect. Gibberellins have been reported to 
induce asymmetric growth of apple fruits (Figure 10.6) (Bukovac and 
Nakagawa 1968). Both cytokinins and gibberellins together have been shown 
to stimulate the development of elongated fruits w;th well-developed calyx 
lobes (Figure 10.7) (Williams and Stahly 1969). Unrath (1974) suggested the 
commercial implications of a cytokinin and GA4 and GA7 combination for the 
control of apple shape. Today, Promalin, a product from Abbott Laboratories 
containing a mixture of BA + GA4 and GA7 is commercially used in 'Delicious' 
apples to regulate shape, size, and weight and to increase per acre yield of fruits 
(Plant Growth Regulator Handbook 1981). 

Chemical Thinning of Flowers and Fruits 

Thinning of certain species and varieties of fruit trees is a necessary com
mercial practice. In fruit trees especially, most varieties of apple thinning 
eliminates problems with biennial bearing and physical damage to the tree and 
also enhances fruit size, shape, color, and overall quality. 
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Figure 10.7. Effects of cytokinin plus gibberellin treatments on the stimulation of 
elongated fruits with developed calyx lobes. 

Auchter and Roberts (1934) tested several chemicals in an attempt to find 
one which would prevent fruit set in some varieties of apples. They found that 
tar oil distillates would kill flower buds when applied at the cluster bud stage. 
A summary of thinning sprays from the early 1930s through 1964 is outlined 
in reviews by Batjer (1964, 1965). Since this time, various chemicals given in 
Table 10.1 have been shown to be effective in fruit thinning. 

However, the timing and concentration used is critical. NAA, NAAm, Sevin, 
Accel, and ethephon (plus other ethylene releasing compounds) are effective 
postbloom thinners (Southwick et al. 1964; McKee and Forshey 1966). In order 
to be effective in thinning apples, NAA or NAAm should be applied after full 
bloom and in pears five to seven days after petal fall (Plant Growth Regulator 
Handbook 1981). One or two applications of Accel should be m~de when king 
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Table 10.1. Chemicals used for thinning apples. 

Common name Chemical name Trade name 

Ethephon (2-chloroethyl )phosphonic acid Ethephon, Ethrel, 
CEP A, Amchem 66-329 

Silaid (2-chloroethyl)methylbis Silaid 
(phenylmethoxy) silane 

Alsol (2-chloroethyl)nis AlsoI, Etacelasil 
(2-methoxyethoxy) silane 

DNOc Sodium 4,6-dinitro-o-cresylate Elgetol 

DNOc 4,6-dinitro-~cresol Dini~dry 

NAA Naphthaleneacetic acid Fruitone-N, Fruit Fix-800, 
Fruit Fix-200, Fruit Set, 
Stafast, Kling-Tite 

NAAm Naphthaleneacetamide Amide-Thin W, Anna-Amide 

Carbaryl I-naphthyl N-methyl carbamate Sevin 

Oxamyl Methyl N'N'-dimethyl-N-[(methyl Vydate 
carbamoyl )oxy ] -I-thiooxamimidate 

Cytokinin + N-(phyenylmethyl-H-purine 6-amine Accel 
Giberellin andG~ and G~ 

Silvex/ 2-(2,4,5-trichlorophenoxy) Fruitone T 
Fenoprop propanoic acid 

fruitlets are approximately 10 mm in diameter, this period is between seven 
and 21 days after full bloom. Ethrel should be applied 10--20 days after full 
bloom and if used for thinning may not be used for fruit loosening in the fall. 
Sevin has been shown to be effective in thinning apples when applied 15-27 
days after full bloom (Batjer and Thompson 1961). Other carbamates used, 
such as Vydate, have also been shown to be effective in postbloom thinning. 
Postbloom thinning provides the grower with an opportunity to evaluate the 
degree of fruit set before applying sprays and by delaying application, the 
danger of frost is reduced prior to spraying. DNOC is also effective in thinning 
apples, it must be applied at full bloom or petal fall because it is a caustic 
agent that burns stigmatic surfaces preventing pollination and therefore is not 
effective as a postbloom thinning agent (Weaver 1972). 

The proper concentration of thinning agent to use varies with weather 
conditions, tree vigor, variety, and other factors. Therefore, it is very important 
to always get specific recommendations from local authorities prior to spraying. 
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The incidence of rot in grape species or varieties that produce tight clusters 
is very high because after rain, tight clusters dry very slowly. In addition, tight 
clusters also cause berries within the cluster to be crushed, thereby providing 
an excellent media for decay-causing organisms. Thinning of grapes with 
sprays presents certain difficulties not encountered in thinning fruit trees. The 
flower clusters of grapes are very small until the shoots are ~ inches long. 
Hand-thinning is not practical and thinning with chemical sprays has met with 
limited success. As an alternative to thinning, gibberellins have been used to 
elongate the bunch of a number of varieties, thereby removing the need for 
thinning. However, once again the timing and concentration is critical because 
when the recommended dose of gibberellin is exceeded, the vine may be 
injured. 

Fruit Ripening 

The manipulation of fruit ripening is of major economic importance. Ethy
lene has been shown to be involved in the ripening of many fruits. In fact, the 
term climacteric refers to fruits which will ripen in response to ethylene (e.g., 
tomato and banana) and non-climacteric refers to fruits which will not ripen in 
response to ethylene (e.g., grape and strawberry) (Abeles et al. 1992). There 
are several lines of evidence showing that ethylene is involved in the ripening, 
of climacteric fruits. First, it has been shown that exogenous applications of 
ethylene will promote ripening. Second, prior to fruit ripening endogenous 
levels of ethylene are very low, however, once the ripening process is initiated 
there is a dramatic increase in ethylene production and subsequent ripening. 
Third, ripening can be delayed by hypobaric storage, treatment with ethylene 
biosynthesis inhibitors such A VG or AOA, or treatment with ethylene action 
inhibitors such as silver or carbon dioxide. Present knowledge on the involve
ment of ethylene in the fruit ripening process can be used in two ways. The 
first, way is to promote faster, more uniform ripening to meet market demands 
and to facilitate mechanical harvesting. At the present time ethephon can be 
used to speed and also promote uniform ripening in cherries, apples, boysen
berries, pineapples, blueberries, coffee, cranberries, and figs (Abeles et al. 
1992; Plant Growth Regulator Handbook 1981). The second way is to delay 
ripening in order enhance the fruits shelf life. Increased shelf life can be 
accomplished by blocking ethylene biosynthesis or action or to use conditions 
which remove ethylene from the area surrounding the fruit. However, these 
approaches are quite expensive and do not prevent ripening from occurring. 
Ethylene is thought to regulate the ripening process by facilitating the express
ion of genes which are responsible for enhancing respiration rates, autocatalytic 
ethylene production, chlorophyll production, carotenoid synthesis, conversion 
of starch to sugars, and increased cell-wall degrading enzymes (Gray et al. 
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1992). Recently, genes induced during fruit ripening and genes involved in 
ethylene biosynthesis have allowed scientists to construct ripening mutants in 
tomatoes using reverse genetics. Since gene replacement technology in plants 
was not available, researchers used antisense RNA technology as a tool to 
modify fruit ripening. Pioneering studies attempting to inhibit softening in 
tomatoes utilized antisense polygalacturonase (PG) RNA. PG was thought to 
be the enzyme responsible for cell-wall hydrolysis during ripening (Smith et 
al. 1988; Sheehy et al. 1988). The use of PG antisense RNA dramatically 
inhibited PG mRNA accumulation and enzyme activity, but softening still 
occurred in the transgenic fruits suggesting that PG was not the sole determi
nant of cell-wall hydrolysis. Two approaches to prevent fruit ripening by 
inhibiting ethylene production were to metabolize ACC by overproducing the 
Pseudomonas ACC deaminase (Klee et al. 1991), or to inhibit ACC oxidase 
activity with antisense RNA (Hamilton et al. 1990). Both were only partially 
effective in delaying fruit ripening because they did not sufficiently decrease 
ethylene production in order to effectively inhibit the ripening process. The 
most successful approach to date has been to inhibit ACC synthase with 
antisense RNA (Oeller et aI. 1991). By using this approach researchers were 
able to inhibit ethylene production to less then 0.1 nl/g per hour which is as low 
as levels found in naturally occurring nonripening mutants (Theologis 1992). 

During the tomato fruit ripening process, two ACC synthase genes LE
ACC2 and LE-ACC4 are expressed (Olson et al. 1991; Rottmann et al. 1991). 
By using antisense constructs derived from LE-ACC2 mRNA, both LE-ACC2 
and LE-ACC4 were almost completely inhibited (Oeller et al. 1991) and fruits 
from these plants never ripened, whereas, control fruits kept in air began to 
produce ethylene 50 days after pollination and were fully ripe 10 days later. 
Red color resulting from chlorophyll degradation and lycopene biosynthesis is 
inhibited in tomato fruits containing antisense RNA. Ethylene or propylene 
treatments for a period of six days reversed the antisense phenotype, while 
shorter exposures did not produce the fully ripe phenotype. Fruits treated with 
ethylene for six days were indistinguishable from naturally ripened fruits with 
respect to texture, color, aroma, and compressibility. Interestingly, overripening 
could be prevented when antisense fruits were removed from an ethylene 
atmosphere after they were fully ripe. From these findings it was concluded 
that: 

1. Ethylene-mediated ripening requires continuous transcription of the necessary 
genes, which may reflect a short half-life of induced gene products. 

2. Ethylene is autocatalytically regulated. 
3. Ethylene acts as a rheostat rather than a switch for controlling the ripening 

process. 
4. Ethylene is the key regulatory molecule for fruit ripening and senescence, not the 

by-product of ripening (Theologis 1992). 
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Recently, ACC N-MTase, which is the enzyme responsible for the conver
sion of ACC to MACC, which is an inactive end-product, was purified and 
characterized by Guo et al. (1992, 1993). This recent development will enable 
these researchers to isolate the gene( s) for ACC N-MTase and to use this 
plant-derived gene in the same manner as with the deaminase gene (Klee et al. 
1991); however, this time a plant gene will be used instead of a bacterial gene 
which should be more effective. In summary, the use of antisense technology 
is only the first step in controlling fruit ripening. The development of gene 
transplacement by homologous recombination should enable researchers to 
produce nonleaky ripening mutants (Theologis 1992). For details on ripening 
in fruits of commercial interest see a summary in Abeles et al. (1992). 

Plant growth substances other than ethylene such as auxins, cytokinins, and 
gibberellins have also been shown to reduce or delay various aspects of ripen
ing. While these plant growth substances play other roles, they each share the 
ability to delay senescence, thereby reducing the sensitivity of the fruit to 
ethylene (Abeles et al. 1992). 

Prevention of Fruit Drop 

Problems with mature apples, pears, citrus, and other types of fruit falling 
off the tree prior to harvest occurs frequently. This is a problem in agriculture 
because when fruit falls from the tree they are often injured and much less 
valuable. In the past, growers used to spread straw under the trees of certain 
cultivars or fruit types to reduce injury, a practice not used today because of 
the many problems associated with it. Preharvest fruit drop also means that 
harvesting may need to be started earlier than desired to assure optimum fruit 
quality. 

Gardner et al. (1939) found that certain growth regulators applied to fruit 
trees delayed drop. Shortly after this discovery the use of these materials was 
put into commercial practice. Today, NAA trade names Fruitone-N, Fruit Fix 
860, Fruit Fix 200, Fruit Set, Stafast, Kling-Tite, and others are commercially 
used for the control of apple and pear preharvest drop. NAA is applied as a 
foliar spray at the first sign of sound mature fruit drop (Plant Growth Regulator 
Handbook 1981). 2-(2,4,5-trichlorophenoxy) propanoic acid, common name 
silvex or fenoprop and trade names Fruitone T and Fruitone T Double strength, 
is applied as a foliar spray two weeks prior to harvest for most varieties of 
apples except McIntosh. For McIntosh apples to be marketed immediately after 
harvest they should be sprayed seven to eight days before harvest drop nor
mally begins and for apples to be stored applications should be made four to 
five days before harvest drop normally begins. 

Daminozide trade name Alar has been shown to be effective in reducing 
harvest drop in apples when applied as a preharvest spray. It has also been 
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reported to have a number of other beneficial effects such as reducing water 
core, storage scald, maintaining fruit firmness, and increasing fruit color. Tim
ing and concentration have been shown to be very important in order to achieve 
the beneficial effects. Adverse effects caused by improper timing and concen
tration are reduced fruit size, flattening of fruits by decreasing the size of the 
calyx lobes, and delayed harvest by two to four weeks (Weaver 1972). At the 
present time Alar has been removed from the market due to potential health 
risks; therefore, its future use remains in question. 

Induction of Fruit Abscission 

As shown in the previous section there are established procedures for the 
prevention of fruit drop. However, in some cases these treatments cause fruits 
to be retained by the plant so tightly that their removal becomes very difficult, 
thereby making harvesting extremely difficult. Shaking trees, vines, and other 
plants where fruit is held too tightly can cause a reduction in yield because 
more fruit is left on the plant. In addition, bruising, crushing of fruit, excessive 
breakage of limbs, and other plant parts is a problem. 

Ethylene-releasing compounds (Figure 10.8) have been shown to be very 
effective in the promotion of abscission in cherries, apples, blackberries, can
taloupes, walnuts, macadamia nuts, and tangerines, and in cotton speeds fruit 
dehiscence, which also allows for an earlier more concentrated harvest. Unde
sirable side effects from ethylene-releasing compounds such as Ethrel include 
leaf abscission, gummosis, reduced yields in successive years, and declining 
tree vigor. In order to avoid these problems timing and concentration is ex
tremely important. A study by Bukovac et al. (1969) with tart cherries as an 
example illustrates the benefits and also potential problems with ethylene
releasing compounds to promote fruit abscission. In this study ethephon was 
applied at four concentrations and a control receiving no treatment was used, 
fruit removal force and other factors were then evaluated. As shown in Figure 
10.9,500 and 1,000 ppm ethephon promoted a dramatic reduction in the force 
required to remove tart cherry fruit with minimal phytotoxic effects, thereby 
making this method commercially acceptable. Higher concentrations of 
ethephon, such as 2,000 and 4,000 ppm were shown to cause defoliation and 
excessive gummosis, promotion of a gummy exudate from the stem Figure 
10.10. Therefore, even though higher concentrations of ethephon reduced the 
fruit removal force they were not commercially acceptable because of damage 
to the tree. In all plants where ethylene-releasing compounds are effective, the 
timing and concentration is extremely important in avoiding potential problems. 
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Figure 10.S. Structural formulas for the commercially used ethylene-releasing com
pounds: ethephon (2-chloroethyl)phosphonic acid), silaid (2-chloroethyl)methylbis
(phenylmethoxy ) silane), and alsol (2-chloroethyl )tris (2-methoxyethoxy) silane ). 
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Figure 10.9. Effects of various concentrations of etbephon on fruit removal force in 
tart cherries (Bukovac et al. 1969). 
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Figure 10.10. Effect of ethephon on tart cherries top, dieback which occurs center, 
gummosis on the current season's wood and bottom, gummosis on old wood (Bukovac 
et al. 1969). 
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CHAPTER Tuberization 
11 

The initiation and subsequent growth of tubers in potato plants results from a 
series of biochemical and morphological changes which occur above and below 
the ground. Early investigators attributed the process of tuber formation to the 
existence of surplus carbohydrates. Kraus and Kraybill (1918) established the 
nutritional theory. They studied changes in the e/N ratio in relationship to the 
growth of tomato plants. The first person to introduce a form of the nutritional 
theory as it applies to tuberization was Wellinsiek (1929). He suggested that 
the causal factor of tuberization was the concentration of metabolites from 
photosynthesis, especially the carbohydrate-to-nitrogen ratio. Others have sup
ported this theory (Werner 1934; Milthorpe 1963). Under unfavorable condi
tions such as high temperature and low light intensity large amounts of assimi
lates are used for shoot and root growth, thereby inhibiting tuberization. If 
tubers are already present during unfavorable conditions they can be totally 
reabsorbed if these conditions persist. More recently, a considerable amount of 
attention has been directed toward the effects of plant growth substances on 
tuberization, now called the hormonal theory. The first report suggesting the 
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existence of a specific factor produced under favorable photoperiods was by 
Driver and Hawkes (1943). This factor was proposed to be transmitted to the 
stolons where it induced tuberization. It was not until Gregory's classical 
grafting experiments (Gregory 1954, 1956) that experimental evidence was 
presented supporting the hormonal theory of tuberization. Based on grafting 
experiments he postulated the existence of a specific tuber-forming substance 
which was produced under certain conditions of photoperiod and temperature 
and transmissible through graft unions and was not a major metabolite, such 
as a carbohydrate. Since this time there have been a number of other studies 
supporting this theory (Chapman 1958; Kumar and Wareing 1973,1974; Ewing 
1987). 

Prior to discussing the biochemical and physiological changes which occur 
during the tuberization process, some background information will be given. 
The potato tuber is morphologically a modified stem with nodes and internodes. 
Potato tubers are initiated on underground rhizomes commonly called stolons 
which may be defined as lateral shoots. The tuber originates just below the 
stolon tip by the process of tuber initiation and swelling occurs acropetally in 
internodes which were preexisting at the time of tuber initiation (Cutter 1978). 
The series of events which take place during tuber initiation and subsequent 
growth of the tuber are: 

1. Elongation of the stolon stops and there is a change in polarity of growth, during 
the early stages of tuber initiation radial cell elongation occurs followed by cell 
division (Koda and Okazawa 1983a, 1983b). 

2. The fIrst biochemical sign of tuberization is starch deposition which is accom
panied by the development of high levels of patatin, a glycoprotein found in 
tubers (Paiva et al. 1983). 

3. During growth and development of the tuber both cell division and enlargement 
occur until maturity, once the tuber is mature there is a dramatic decrease in cell 
division, while cell enlargement continues. 

In whole plants, tubers form underground, however, when leaflbud cuttings 
are taken tubers have been shown to originate from axillary buds on above
ground portions of the plant (Figure 11.1). These tubers originate from axillary 
buds rather than stolons and are typically smaller and contain chlorophyll. 
Leaflbud cuttings taken from tuberizing plants usually develop tubers if the 
buds are buried in the soil. This method has been a useful tool to study the 
effects of nutrition, environment, and plant growth substances on the tuberiz
ation process (Ewing 1985). Tuberization is a complex phenomenon and is 
influenced by a myriad of variables such as nutrition, environment, mother 
tuber, genetics, leaf area, partitioning of assimilates, and others. In order to 
reduce these variables, scientists have developed in vitro systems allowing for 
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Figure 11.1. Tuberization of axillary buds of single-node leaf cuttings. ( a) Leaf 
cutting treated with water for seven days; (b) effects of pretreating leaf cuttings for 15 
hours with water (1, 2) or 5 mM EGTA (3,4) and grown for seven days in water (1,3) 
or in 1 mM CaCl2 + 1 mM MgCl2 (2, 4); (c) effect of pretreating with 5 mM EGTA 
+ 50 mM Ca ionophore A23187 for 15 hours and grown for seven days in CaCl2 + 
1 mM MgCl2 (1) or in water (2) (from Balamani et a1. (1986». 

Figure 11.2. Tuberization in nodal sections taken from etiolated sprouts (Solanum 
tuberosum L. var. Russett Burbank) and cultured in vitro. 
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the greatest control of growing conditions (Figure 11.2). The effects of plant 
growth substances on tuberization in whole plants, leaflbud cuttings, and in 
vitro will be discussed in subsequent sections. 

CONTROL OF TUBERIZATION BY PLANT GROWTH 
SUBSTANCES 

According to the hormonal theory of tuberization there are two factors which 
affect tuberization in a sequential fashion: environmental factors and plant 
growth substances. Environmental factors, especially photoperiod and tempera
ture, playa major role in the initiation of tubers (Jolivet 1969; Seabrook et al. 
1993). Although there are a number of factors which influence tuberization, all 
of them suggest that the process is under the control of plant growth substances. 
Since the pioneering work of Gregory (1954, 1956) and others (Chapman 
1958; Kumar and Wareing 1973, 1974) there has been a considerable amount 
of work supporting the hormonal theory using both naturally occurring and 
synthetic plant growth regulators. The experimental evidence can be broken 
down into two categories. First, studies on the correlation between endogenous 
levels of plant growth substances and tuberization, and second, the effects of 
exogenous applications of plant growth substances on tuberization in whole 
plant, cuttings and in vitro. 

ENDOGENOUS LEVELS OF PLANT GROWTH 
SUBSTANCES 

Gibberellins 

Potato tubers have been shown to contain gibberellinlike substances 
(Okazawa 1959). Gibberellin levels vary in different organs and change during 
plant growth and development. In general gibberellin activity is highest during 
the phase of rapid growth and lowest in mature dormant tubers (Bialek 1974). 
High nitrogen levels which promote rapid vegetative growth and high levels of 
gibberellins in the shoots inhibit tuberization, whereas a reduction in nitrogen 
levels favors tuberization (Krauss and Marschner 1982; McGrady and Ewing 
1990; Zrust and Mica 1992). Most studies reported thus far indicate that 
gibberellins have a promotive effect on stolon elongation, however, they are 
inhibitory to the tuberization process (Ewing 1987). 

Cytokinins 

There have been several reports showing that there are elevated levels of 
cytokinins in response to conditions which promote tuberization (Forsline and 
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Langille 1975; Okazawa 1970; Langille and Forsline 1974; Mauk and Langille 
1978; Arteca et al. 1980). The major cytokinin found in potato leaves is zeatin 
riboside (Mauk and Langille 1978; Arteca et al. 1980), although, zeatin has 
also been found in potato tubers (Okazawa 1970), leaves and roots (Arteca et 
a1. 1980). It still remains unclear as to the direct involvement of cytokinins in 
the tuberization process since at the present time there are only a limited 
number of reports on changes in their endogenous levels during tuberization. 

Inhibitors 
There have been several studies on the role of endogenous inhibitors on 

tuberization, one of which was identified as abscisic acid (ABA), while the 
others remain unidentified (Kumar and Wareing 1974; Smith and Rappaport 
1969). The involvement of ABA in the induction of tuberization remains 
unclear since its levels were shown to increase under inductive conditions 
(Krauss and Marschner 1982; Arteca et al. 1980); however, there are also 
reports where there is not a good correlation between endogenous levels of 
ABA and tuberization (Kumar and Wareing 1974; Wareing and Jennings 
1980). 

Other Plant Growth Substances 
In dahlia it has been shown that there are changes in endogenous levels of 

ethylene which correlate with tuberization (Biran et al. 1972); however, this 
has not been reported in potato. Indole-3-acetic acid (JAA) has been shown to 
increase in the leaves of potato plants when the roots were exposed to high 
levels of CO2 in order to induce the tuberization process (Arteca et al. 1980), 
and it has since been suggested that JAA may play an important role in the 
tuberization process (Melis and van Staden 1984). Changes in polyamine 
biosynthesis during the initial stages of tuberization have been shown to occur. 
The polyamines spermidine and spermine along with their biosynthetic en
zymes were all shown to increase during the initial stages of potato tuberization 
and then decreased as the tuber increased in size. In addition, the levels of 
putrescine were shown to fall continuously in the stolon tip and in tubers as 
tuberization proceeded. In other organs such as root, leaf, and stems the levels 
of polyamines and their related enzymes were much lower (Taylor et al. 1993). 
At the present time there are a limited number of reports on changes in plant 
growth substances during the tuberization process. As mentioned in earlier 
chapters of this book, analytical techniques for plant growth substances have 
greatly improved in recent years. Therefore, future research on changes in plant 
growth substances during tuberization using this new methodology may shed 
some light on their involvement in this important process. In addition to known 
plant growth substances the search for a specific tuberizing substance continues 
in the same way as florigen. 
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EXOGENOUS APPUCATIONS OF PLANT GROWTH 
SUBSTANCES 

At the present time studies on changes in endogenous levels of plant growth 
substances have not led to a clear understanding of their involvement in 
tuberization. There have been numerous studies evaluating the effects of 
exogenous applications of plant growth substances in whole plants, cuttings, 
and in vitro which has provided us with much of our knowledge on their 
involvement in the tuberization process. 

Gibberellins 

There are many studies on the effects of exogenous applications of gibberel
lins on tuberization and in all cases they have an inhibitory effect. Foliar 
applications of GA3 have been shown to have a strong inhibitory effect on 
tuberization in whole plants (Okazawa 1960; Lovell and Booth 1967). In 
addition, GAl, GA3, GA4, GA7, or G~ applied as a foliar spray to cuttings also 
inhibits tuberization (Tizio 1971; Kumar and Wareing 1974). When GA3 was 
added to the culture medium of stem sections cultured in vitro, it was shown 
to have either an inhibitory effect (Harmey et al. 1966; Koda and Okazawa 
1983b) or a delay in tuberization by promoting the elongation of stolons 
(Figure 11.3) (Tizio 1964). More recently it has been shown that there is an 
interaction between glucose and gibberellins on tuberization of potato plantlets 
cultured in vitro (Martinez and Tizio 1991); however, further studies are 
required to better elucidate their relationship. 

Early studies showed that the growth-retardant 2-chloroethyl-trimethylam
monium chloride (CCC) has the ability to either accelerate (Dutta and Kaley 
1968; Dyson 1965; Dyson and Humphries 1966) or promote (Gifford and 
Moorby 1967) tuberization. Since this time a number of other growth retardants 
have also been shown to be effective in the stimulation of tuberization both in 
vivo and in vitro (Levy et al. 1993; Simko 1993; Simko 1991; Harvey et al. 
1991). The beneficial effect of plant growth retardants on tuberization may be 
due to their general depression of vegetative growth or due to a reduction in 
gibberellin levels; however, more research is necessary in order to better 
understand the mechanism by which plant growth retardants effect tuberization. 

Cytokinins 

In whole plant and cutting studies the effects of exogenous applications of 
cytokinins on tuber initiation has been negative (Ewing 1987). In vitro studies 
with cytokinins have shown that they induce tuberization (Figure 11.4) (Palmer 
and Smith 1969,1970; Smith and Palmer 1970; Pelacho and Mingo-Castel 
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Figure 11.3. Effects of gibberellic acid on elongation of stolons from nodal sections 
taken from etiolated sprouts (Solanum tuberosum L. var. Russett Burbank) and cultured 
in vitro. 

Figure 11.4. Kinetin-induced tuberization in nodal sections taken from etiolated 
sprouts (Solanum tuberosum var. Norland) and cultured in vitro. 
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1991). However, as is always the case when using plant growth substances 
there have been reports showing that kinetin has no effect on tuberization in 
vitro (Simko 1993). 

Salicylates and Jasmonates 

Exogenous applications of salicylic acid have been shown to stimulate 
tuberization of potato plants both in vivo and in vitro. A comparison of 
compounds related to salicylic acid were evaluated for their ability to induce 
tuberization. It was found that benzoic acids with a free carboxyl group and a 
substituent at the C-2 position of the benzene ring have the ability to induce 
tuberization, with salicylic acid having the highest activity of all compounds 
tested. The ability of salicylic acid to stimulate tuberization in potato is much 
less then jasmonic acid (IR,2S-jasmonic acid) (Koda et al. 1992a). In a 
subsequent study salicylic acid was not found in the leaves of potato plants 
grown under tuber-inducing conditions. This suggests that salicylic acid is not 
responsible for the induction of tuberization under natural conditions (Koda et 
al. 1992a); whereas, jasmonic acid has been identified in Jerusalem artichoke 
(Matsuura et al. 1993) and yam plants (Koda and Kikuta 1991) and exogenous 
applications of it have also been shown to stimulate tuberization in these plants 
(Matsuura et al. 1993; Koda and Kikuta 1991; Koda et al. 1992a, 1992b; 
Pelacho and Mingo-Castel 1991). 

Other Plant Growth Regulating Substances 

EI-Antably et al. (1967) reported an increase in tuberization by foliar ap
plication of abscisic acid on potato plants grown under long days. This stimu
lation was probably due to a general depression of overall growth rather than 
a direct effect on tuberization. Abscisic acid has since been shown to be 
ineffective in the promotion of tuberization in cuttings, shoot sections, and 
sprouts (Ewing 1987; Claver 1970; Palmer and Smith 1969; Smith and Rap
paport 1969; Tizio and Maneschi 1973). Catchpole and Hillman (1969) claim
ed that ethylene promoted an increase in tuberization of stolons on potato 
sprouts. Subsequent studies have shown that ethylene either had no effect on 
tuberization (Singh 1970; Palmer and Barker 1973) or decreased it (Langille 
1972). There have been a limited number of studies on the effects of auxins 
in the initiation of tubers. These studies show that auxin may accelerate tuber 
formation (Harmey et al. 1966; Lawrence and Barker 1963); however, conflict
ing reports by Booth (1963) and Okazawa (1967) indicate that auxin is prob
ably involved in stolon growth rather than tuber initiation. 

It has been shown that when the root systems of potato plants are treated 
with high levels of CO2 for a 12~hour period there is an increase in dry matter 
content as early as two days after treatment. When the treated plants were 
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Figure 11.S. Effects of short-term CO2 enrichment of the root zone on stolon elonga
tion, tuber initiation, and growth in Solanum tuberosum L. var. Russett Burbank. Photo
graph was taken three weeks following CO2 enrichment. Control is on the right and 
CO2-treated sample is on the left (from Arteca et aI. (1979». 

allowed to grow for a period of three to six weeks there was a large increase 
in tuberization. CO2 treated plants exhibited an increase in stolon length, numb
er of tubers per stolon and overall dry weight (Figures 11.5 and 11.6). This 
work is in agreement with the findings of Patterson (1975) who showed that 
a single 12-hour treatment with CO2 to the roots of potato plants grown in sand 
culture resulted in significantly more tubers than controls. In a subsequent study 
it was shown that CO2 applied to the root zone of potato plants modifies 
endogenous plant growth substances (trans-zeatin, zeatin riboside, IAA and 
ABA) (Arteca et aI. 1980), which could have possibly acted as a trigger 
resulting in increases in dry matter content and tuberization (Arteca et aI. 
1979). Mingo-Castel et aI. (1974 1976) have reported that CO2 stimulated 
tuberization of potato stolons cultured in vitro and that the stimulatory effect 
was inhibited by ethylene which was by itself also inhibitory. In vitro studies 
have indicated that polyamines have a role in the tuber formation process. In 
a study where high levels of sucrose together with kinetin and CCC were used 
to induce tuberization, specific inhibitors of polyamine biosynthesis were evalu-
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Figure 11.6. Effects of CO2 enrichment of the shoot and root zones on stolon 
elongation, tuber initiation, and growth in Solanum tuberosum L. var. Russett Burbank; 
ambient air to the root and shoots (right), 12 hour CO2 enrichment to the root zone 
(middle) and continuous CO2 enrichment of the shoots during the light period for six 
weeks (left). Photograph was taken six weeks following CO2 enrichment (from Arteca 
et al. (1979». 

ated for their ability to reduce tuberization (Protacio and Flores 1992). It was 
found that polyamines derived via the ornithine decarboxylase-mediated path
way are necessary for tuber formation in vitro, probably at an early phase of 
morphogenesis involving cell division. Coumarins have been shown to induce 
tuberization in potato stolons cultured in vitro (StaUknecht 1972a, 1972b 
1973). The mode of action of coumarin-induced tuberization appears to be 
different than kinetin-induced tuberization because high levels of nitrogen are 
inhibitory to coumarin-induced tuberization but not to kinetin-induced tuberiz
ation. In addition, Alar, CCC, ethrel, and IAA stimulate coumarin-induced 
tuberization (StaUknecht 1972b), while ABA and GA inhibit. Other factors 
which have been shown to stimulate tuberization are high magnesium in the 
nutrient solution (Coutrez-Geernick 1969), vitamin C (van Schreven 1956), 
magnetism (Pittman 1972), methyl-b-D-glucopuranosyl tubernate, methyl-b-D
glucopuranosyl helianthenate A and B (Matsuura et al. 1993), and calcium 
(Balamani et al. 1986). 
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MOLECULAR STUDIES 
ON THE TUBERIZA nON PROCESS 

In recent years, of molecular techniques have been used to better understand 
the tuberization process at the molecular level. Physiological studies have 
shown that cytokinins are involved in the tuberization process; therefore, early 
molecular studies utilized cytokinin genes to evaluate their effects on the 
tuberization process. These studies showed that there was precocious tuberiz
ation and enhanced cytokinin levels in Agrobacterium transformed potatoes 
(Ooms and Lenton 1985). Since this time the involvement of plant growth 
substances, with the exception of gibberellins, has remained unclear. A mol
ecular approach using differential screening has been used to identify several 
tuberization-related genes (Jackson et al. 1993; Taylor et al. 1992a, 1992b, 
1992c; Bevan et al. 1988). A partial cDNA clone has been isolated which 
represents a gene that is induced in potato (Solanum tuberosum L.) leaves 
during tuber initiation. This gene is also present in tobacco (Nicotiana tobacum 
L.), where it is induced upon flowering and in tomato (Lycopersicon esculen
tum L.), where it is induced during fruit formation. These studies provide 
further evidence that there is a similarity between the flower- and tuber-induc
ing pathways. However, it is also possible that it could be involved in a 
secondary process induced during tuberization, flowering, and fruit formation 
(Jackson et al. 1993). Other tuberization-related genes have also been identified 
in potato by differential screening (Taylor et al. 1992b; Bevan et al. 1988). 
Two of these cDNA clones were shown to be increased 25-30- fold during the 
early stages of tuberization. These genes were also shown to be expressed in 
leaves, stems, and roots with their expression pattern changing in the same way 
as tuberization (Taylor et al. 1992a, 1992c). The previously mentioned work 
provides the foundation for further study in the area of tuberization which may 
lead to breakthroughs in better understanding this process. 

PLANT GROWTH SUBSTANCE INVOLVEMENT 
IN THE TUBERIZA nON PROCESS 

When summarizing the literature on any given subject we typically try to fmd 
a general explanation of the mechanism of action for a specific physiological 
process. In spite of many years of research in the area of tuberization, we are 
still in a serious state of ignorance. Although we have learned about many 
factors influencing tuberization, they are just parts in a huge puzzle which have 
to be fit together. Environmental factors such as temperature and photoperiod 
which trigger changes in endogenous levels in plant growth substances are 
undoubtably linked in the tuberization process. Among the eight classes of 
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plant growth substances discussed in this book, gibberellins clearly have been 
shown to be involved in the inhibition of the tuberization process. Evidence 
supporting the inhibitory effect of gibberellins is: 

1. Environmental conditions which promote tuberization cause a reduction in en
dogenous gibberellin levels. 

2. Exogenous applications of gibberellins inhibit or delay tuberization. 

3. Growth retardants have been shown to promote tuberization, probably by decreas
ing endogenous levels of gibberellins. 

Other plant growth substances have been shown to promote, inhibit, or have 
no effect on tuberization, and at the present time a clear role on individual 
plant growth substances remains unclear. The effects of plant growth substan
ces on tuberization are probably due to an interaction between those which are 
known and unknown. It is still possible that a single tuberizing plant growth 
substance exists; however, at the present time there is no strong support for its 
existence. Future studies using improved analytical techniques for evaluating 
changes in plant growth substances both known and unknown may shed some 
light on this process. In addition, the use of molecular technology to identify 
specific tuberization genes may provide researchers with the key to the mystery 
of tuberization. 
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CHAPTER 

12 
Manipulation of 
Growth and 
Photosynthetic 
Processes by Plant 
Growth Regulators 

The purpose of most plant-related research is to explore possible ways to 
manipulate growth and increase productivity of plants. Throughout this text it 
has been shown that plant growth regulators are involved in many aspects of 
plant growth and development such as flowering, rooting, and other processes. 
This chapter will focus on restricting plant size and the manipulation of photo
synthetic processes. The chemical control of plant growth to reduce size 
through the use of plant growth retardants is a common practice to make a 
plant more compact, which in many cases is more commercially acceptable. 
Plant growth regulators have also been shown to be involved in the regulation 
of photosynthesis and the movement of photosynthetic products from their site 
of synthesis in the leaf (source) to their sites of accumulation (sink). Regula
tion of photosynthesis and movement of photosynthetic products can occur at 
numerous points, thereby increasing or decreasing plant size. 

240 
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PLANT GROWTH RETARDANTS 

There are a number of plant growth retardants which are currently available 
for restricting growth. The most commonly used and best understood group of 
plant growth retardants consists of those which inhibit gibberellin biosynthesis 
(Figure 12.1). However, there are also a number of miscellaneous compounds 
which also have the ability to retard plant growth by means other than blocking 
gibberellin biosynthesis. In this section, plant growth retardants which inhibit 
gibberellin biosynthesis will be discussed first, followed by other miscellaneous 
growth-retarding compounds. 

Gibberellin Biosynthesis Inhibitors 

Onium Compounds. There are a number of onium compounds including 
chlormequate chloride (2-chloroethyltrimethylammonium chloride) (Cycocel, 
CCC), mepiquate chloride (l,l-dimethyl-piperidinum chloride), AMO-1618 
[2'-isopropyl-4'-( trimethylammonium chloride )-5'-methylphenyl piperidine-1-
carboxylate], phosphon D [tributyl(2,4-dichlorobenzyl) phosphonium chloride] 

Figure 12.1. Effects of flurprimidol on the height of chrysanthymum plants (courtesy 
of E. J. Holcomb). 
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CbIormequate chloride Mepiquat chloride 
Figure 12.2. Structural formulas for two onium growth retardants. 

and piperidium bromide [1-allyl-1,3,7-dimethyloctyl)-piperidium bromide]. 
The most commonly used onium compounds are Cycocel and mepiquate chlor
ide (Figure 12.2). For more details on structural requirements for biological 
activity on this class of compounds see Gausman (1986). 

The inhibition of the cyclization of geranylgeranyl pyrophosphate to copallyl 
pyrophosphate is the primary mode of action of onium growth retardants 
leading to the inhibition of gibberellin formation. Plants treated with onium 
compounds have shortened internodes and thicker greener leaves than untreated 
controls. When plant growth is restricted by onium compounds a number of 
other benefits have been obtained. There have been reports showing that onium 
compounds can enhance net photosynthesis; however, the basis for this enhan
cement remains unclear. In addition, plants treated with onium compounds have 
been shown to be able to better tolerate drought conditions than untreated 
plants. Although it is still not clear how onium compounds promote drought 
tolerance, several possibilities have been suggested. One is that a reduction in 
the leaf area caused by onium compounds reduces the transpirational surface, 
which in turn reduces water loss (Davis and Curry 1991). In addition to the 
reduction in leaf area, it has been shown that CCC can induce stomatal closure 
which would reduce transpiration (Misbra and Pradhan 1972; Pill et al. 1979; 
De et al. 1982). Another possibility which has been suggested is that treatment 
with onium compounds causes an accumulation of solutes, such as amino acids 
and sugars, which allows plants to maintain turgor under reduced leaf water 
potentials (Bode and Wild 1984; Knapp et al. 1987). Onium-treated plants have 
also been shown to tolerate a variety of other abiotic stresses, such as salt and 
temperature stress (Gausman 1986); and biotic stresses such as insects 
(Zummo et al. 1984; Dreyer et al. 1983), diseases and nematodes (Erwin et al. 
1976 1979); however, very little is known about how increased tolerance is 
achieved. 

Pyrimidines. The two most commonly used pyrimidine growth retardants 
are ancymidol [a-cyclopropyl-a-( 4-methoxyphenyl )-5-pyrimidienemethanol] 
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Ancymidol 

Flurprimidol 

Figure 12.3. Structural formulas for two pyrimidine growth retardants. 

and flurprimidol [a-(1-methylethyl)-a-( 4-trifluoromethoxyphenyl)-5-py
rimidine-methanol], which are shown in Figure 12.3. The primary mode of 
action of pyrimidine growth retardants is thought to be the inhibition of the 
cytochrome P-450, which controls the oxidation of kaurene to kaurenoic acid 
(Coolbaugh and Hamilton 1976). Although the major effect of pyrimidine 
growth retardants appears to be due to the inhibition of gibberellin biosynthesis 
it has also been shown to interfere with sterol (Shive and Sisler 1976) and 
abscisic acid biosynthesis (Cowan and Railton 1987). There have been reports 
showing that pyrimidine growth retardants either have no effect (Davis et al. 
1986) or cause a slight reduction in photosynthesis (Sterrett et al. 1989). 
Although pyrimidine growth retardants have little effect on photosynthesis they 
have been shown to cause a reduction in water use (Johnson 1974; Barrett and 
Nell 1981 1982). 

Triazoles. The triazoles are a highly active group of plant-growth-retard
ing chemicals including paclobutrazol ([2RS, 3RS]-1-[ 4-chlorophenyl]-4,4-
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dimethyl-2-[1,2,4-triazol-l-yl)pentan-3-01); uniconazole ([E-l-[4-chloro
phenyl)-4,4-dimethyl-2-[1.2.4-triazol-l-yl)penten-3-01); triapenthenol [(E)
(RS)-I-cyclohexyl-4,4-dimethyl-2-(IH-l,2,4-triazole-l-yl)-pent-l-en-3-01); 
BAS 111 ([ I-phenoxy-5,5-dimethyl-3-( 1,2,4-triazole-l-yl )hexan-5-01); and 
LAB 150 978 ([I-(4-trifluor-methyl)-2-(1,2,4-triazolyl(I»)-3-(5-methyl-l,3-
dioxan-5-yl)-propen-3-01 and are shown in Figure 12.4. Triazole compounds 
reduce plant growth by inhibiting the microsomal oxidation of kaurene, 
kaurenol, and kaurenal, which is catalyzed by kaurene oxidase, a cytochrome 
P-450 oxidase (Davis et al. 1988; Izumi et al. 1985). In addition to blocking 
gibberellin biosynthesis, triazole compounds have been shown to inhibit sterol 
biosynthesis (Haughan et al. 1989); reduce ABA (Wang et al. 1987), ethylene 
(Sauerbrey et al. 1988), and indole-3-acetic acid (Law and Hamilton 1989); 
and increase cytokinin content (Izumi et al. 1988). 

Although an increase in chlorophyll content is observed in triazole-treated 
plants, there is little direct effect on photosynthesis; however, it has indirectly 
been shown to influence photosynthetic activity (Davis and Curry 1991). 
Triazole-treated plants have been reported to protect plants against abiotic 
stresses due to water (Asore-Boamah et al. 1986; Atkinson and Chauhan 1987) 
and sulfur dioxide (Upadhyaya et al. 1991). It has been suggested that the 
ability of triazole compounds to induce tolerance to abiotic stress is due to 
increased antioxidant content or activity in treated plants (Upadhyaya et al. 
1989, 1990, 1991; Senaratna et al. 1988). Triazole compounds have also been 
shown to reduce insect population densities; however, it is unclear how this is 
achieved (Campbell et al. 1989). 

Others. Tetcyclacis (5-( 4-chlorophenyl)-3,4,5,9,1O-pentaza-tetra-cyclo-
4,4,102,6 Q8,1l-dodeca-3,9-diene) is a norbomenodiazetine derivative shown in 
Figure 12.5. This compound reduces gibberellin biosynthesis by blocking 
microsomal oxidation of kaurene to kaurenoic acid (Rademacher and Jung 
1986). Tetcyclacis also inhibits sterol biosynthesis, and in general appears to 
act like triazole plant growth retardants (Davis and Curry 1991). Prohexadione 
calcium (calcium 3,5-dioxo-4-propionyl-cyclohexanecarboxylate), shown in 
Figure 12.5, has recently been found to have growth-retardant activity. Its mode 
of action appears to be through the inhibition of the 3~ hydroxylation of GA20 
to GAl and 2~ hydroxylation of GAl to GAs (Nakayama et al. 1990). Since this 
compound is relatively new, little is known about its physiological and bio
chemical effects in plants. Inabenfide (4-chloro-2-( a-hydroxylbenzl) iso
nicotinanilide), an isonicotinic acid anilide derivative, is shown in Figure 12.5; 
it also inhibits gibberellin biosynthesis by blocking the oxidative conversion of 
kaurene to kaurenoic acid (Miki et al. 1990). 
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Figure 12.4. Structural formulas for five triazole growth retardants. 
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Figure 12.5. Structural formulas for three other growth retardants which inhibit gib
berellin biosynthesis. 
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Growth-Retarding Compounds Not Inhibiting 
Gibberellin Biosynthesis 

Morphactins are a class of growth retarding compounds including fluorene, 
fluorene-9-carboxylic acid, and chlorflurenol (methyl[methyl-2-chloro-9-hy
droxy fluorene-(9)-carboxylate]) shown in Figure 12.6. They received their 
name because they have the ability to affect plant morphogenesis, (morphologi
cally active substances). As a general rule morphactins inhibit plant growth, 
while gibberellins have a promotive effect. There have been studies suggesting 
that morphactins do not block gibberellin biosynthesis, rather they act as 
competitive antagonists. Although morphactins have a wide range of physio
logical effects (Schneider 1970), in plants they appear to act in a nonspecific 
manner (Davis and Curry 1991). 

The structure of dikegulac (2,3:4,6, bis-O-(1-methylethylidene )-x-L-xylo-
2-hexulofuranosonic acid) is shown in Figure 12.7. It is thought that the 
primary response for this compound is the retardation of apical dominance 

COOH 

Fluorene Fluorene-9-carboxylic acid 

Cl 

ChlorOurenol methyl 

Figure 12.6. Structural formulas for three morphactin growth retardants. 



248 Chap. 12 Manipulation of Growth and Photosynthetic Processes 

Dikegulac sodium 

Figure 12.7. Structural formula for the growth retardant dikegulac. 
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Figure 12.8. Structural formulas for ethephon and maleic hydrazide. 

leading to lateral bud break. This is supported by research showing that divid
ing cells are very susceptable to it, whereas stationary cells are less affected 
(Zillkah and Gressel 1978). Although the mode of action of dikegulac is 
unknown, it has been shown to reduce gibberellinlike substances while stimu
lating ABA-like substances and ethylene (Bhattacharjee 1984). 

The ethylene-releasing compound ethephon (2-chloroethyl)phosphonic acid 
(Figure 12.8) can be considered to be a growth retardant since ethylene causes 
shorter, thicker stems. The primary use of ethephon as a growth retardant is 
for controlling lodging of cereal and grain crops (Davis and Curry 1991). 
Maleic hydrazide (1,2-dihydro 3,6-pyridazinedione) (Figure 12.8) is a growth 
retardant which blocks cell division by interfering with the production of uracil 
(Schoene and Hoffman 1949; Nooden 1969). The acetamide derivatives mef
luidide [N-( 2,4-dimethyl-5-[ trifluoromethyl]sulfonyl )amino-phenyl )acetamide] 
and amidochlor N -[ acetylamino )methyl]-2-chloro-N-(2,6-diethylphenyl )acet
amide (Figure 12.9) have been used primarily for inhibiting turf grass growth. 
At the present time, the mechanism of action for both of these compounds is 
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Figure 12.9. Structural formulas for two growth retardants which are acetamide de
rivatives. 
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Figure 12.10. Structural formulas for the growth retardants daminozide and cimec
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unknown (Davis and Curry 1991). The primary commercial application of 
daminozide (butanedioic acid mono-(2,2-dimethylhydrazide) (Figure 12.10) is 
to control the height of bedding plants. Its precise mechanism of action is 
unknown, although it has been suggested that it might affect gibberellin bio
synthesis (Riddel et al. 1962). Cimetacarb [4(cyclopropyl-a-hydroxy-methyl
ene )-3,5-dioxo-cyclohexanecarboxylic acid ethyl ester (Figure 12.10) has po
tential as a turf growth retardant (Cutler and Schneider 1990), but its mode of 
action remains unknown. Fatty acid derivatives including fatty alcohols (chain 
length S-10) and methyl esters (chain length S-12) have been shown to reduce 
plant height (Davis and Curry 1991) by an unknown mechanism. The commer
cial formulations of mixed methyl esters of fatty acids have been reported to 
increase branching and reduce shoot growth (Byers and Barden 1976). 

USES OF PLANT GROWTH RETARDANTS 

The control of vegetative growth is very important in agriculture. A summary 
of the major applications for each of the plant growth retardants previously 
discussed, broken down by commodities, will be given in this section. 

In many floricultural crops it is important to reduce plant size to increase 
saleability; however, this must be done without adversely affecting aesthetic 
qUality. The optimum height for most potted plants is 2a-25 em (Adriansen 
1985); however, this varies depending upon container size, market preference 
and species. When using a growth retardant to reduce size it is important to 
make sure there are no adverse effects on the overall quality of the plant and 
its postharvest performance. Plant growth retardants have been used for many 
years to manipulate the size, shape, and overall quality of floricultural crops. 
At the present time, CCC, daminozide, ancymidol, and paclobutrazol are the 
primary compounds used for poinsettias and chrysanthemums, although uni
conazol and tetcyclacis have been shown to have potential. 

In many cases bedding plants (e.g., zinnia, geranium) are treated with 
growth retardants to promote compactness, maintain quality prior to sale, and 
also promote longer-shelf life because they do not rapidly outgrow their con
tainer. Prior to its removal from the market, daminozide was the primary 
growth retardant used to control the height of bedding plants for many years. 
Paclobutrazol has been shown to be very effective in reducing the height of a 
variety of bedding plants (Cox and Keever 1988; Keever and Cox 1989; 
Tayama and Carver 1990). Since paclobutrazol is very active and highly 
persistent as compared to other growth retardants, it has generally been shown 
that only a single application is necessary. In addition, paclobutrazol has been 
reported to be effective in bedding plant species where other retardants were 
not (e.g., impatiens, dianthus) (Barrett and Nell 1987). Uniconazol has been 
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shown to have promise for retarding growth of bedding plants (Davis et al. 
1988) and is even more active and persistent then paclobutrazol. 

The use of growth retardants is not a common practice in nursery crops or 
for the regulation of tree growth at the present time, although they have 
potential (Davis and Curry 1991). For many years there has been a consider
able amount of interest in the use of growth retardants as chemical mowing 
agents on turf grass. The reason for this interest is that growth retardants have 
potential for reducing labor, fuel, and equipment costs for turf management. 
Although a wide range of growth-retarding compounds have been tested for 
regulating turf growth, it has been shown that paclobutrazol, flurprimidol, 
mefluidide, and amidochlor have the most potential. Problems associated with 
the use of growth retardants as chemical mowing agents, such as inconsistent 
results, phytotoxicity, and reduced recuperative potential have been encoun
tered and must be solved before growth retardants can be used commercially 
for regulating turf grass growth (Breuninger and Watschke 1989). 

One of the major uses of plant growth retardants in agriculture is to control 
lodging in cereals and grain crops such as wheat, rice, rye, and barley. 
Lodging is a serious problem causing reduced yields. By using plant growth 
retardants, lodging is reduced, thereby facilitating harvest. The two retardants 
most commonly used to control lodging are CCC and ethephon, although 
others have also been shown to be effective. Maleic hydrazide has been used 
as a sprout inhibitor in onions and potatoes during storage for many years. 
Prior to being removed from the market, daminozide was used to produce 
stocky tomato transplants. Both paclobutrazol (Pombo et al. 1985) and uni
conazole (Hickman et al. 1989) have since been shown to facilitate tomato 
transplant production. Growth retardants have a number of potential uses in 
vegetable crops, however, at the present time their use is limited (Davis and 
Curry 1991). 

The size and shape of decidous fruit and nut trees are very important 
commercially. In apples, size control can be achieved using clonal rootstocks 
and scions (Ferre et al. 1982); however, this has not been successful in other 
fruit or nut crops (Hansche and Beres 1980; Rom 1983; Graselly 1987; Rom 
and Carlson 1987). The use of cultural methods for restricting growth of 
deciduous fruit and nut trees has met with limited success due to the large 
number of variables encountered in the production of perennial crops. In the 
early 1960s, interest in the use of chemicals for the regulation of fruit tree 
growth began with daminozide (Batjer et al. 1964). This compound was effec
tive in reducing vegetative growth and also stimulated floral bud induction, 
resulting in increased bloom the following year in apple, pear and cherry trees 
(Edgerton and Hoffman 1965; Rogers and Thompson 1968; Erez 1985). In 
1989, the use of daminozide was banned in the United States because of 
controversial health and environmental concerns; therefore, alternative growth-
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retarding agents had to be evaluated. Although other plant growth retardants 
(Davis and Curry 1991) have been tested, paclobutrazol appears to have the 
most promise for retarding plant growth in deciduous fruit trees. Presently, 
paclobutrazol is registered in seven countries, excluding the United States, to 
control vegetative growth in apple and pear trees by foliar application. In 
addition, paclobutrazol is also registered for use on peach, nectarine, cherry, 
apricot, plum, and olive trees in 11 countries outside the United States. Other 
benefits gained by using paclobutrazol are mite control (Raese and Burts 1983; 
Dheim and Browning 1988a) and increases in floral bud initiation (Richardson 
et al. 1986; Dheim and Browning 1988a). Paclobutrazol can also be used to 
increase fruitlet abscission when applied at full bloom or shortly before (Dheim 
and Browning 1988b). The potential to control vegetative growth in certain nut 
species such as pecan has been demonstrated with triazole analogs. They have 
been shown to effectively control growth in young seedlings (Marquard 1985) 
and commercial plantings (Wood 1988); however, at the present time they are 
not registered for use in nut crops. 

Regulation of vegetative growth in grapes is very important. Paclobutrazol 
has been shown to be an effective vegetative growth inhibitor in both table and 
wine grapes without affecting yield, berry quality, or cold-hardiness of dormant 
buds (Abmedullah et al. 1986). However, there have also been reports showing 
that paclobutrazol promotes excessive vegetative growth rates, resulting in 
reduced berry size and brix (Shaltout et a1. 1988). Therefore, the effects of 
paclobutrazol on berry quality appears to be closely linked to the species as 
well as the stage of growth. The use of high-density planting in the citrus 
industry is increasing in popularity due to many benefits associated with it such 
as earlier returns. However, at the present time there are only a few methods 
available which are acceptable for controlling growth. Paclobutrazol has been 
shown to reduce vegetative growth in tangelo seedlings (Aron et alo 1985), 
sour orange seedlings (Swietlik 1986), and lemon trees (Smeirat and Qrunfleh 
1989); however, more research is necessary before it can be used on a com
mercial scale. 

INVOLVEMENT OF PLANT GROWTH SUBSTANCES 
IN PHOTOSYNTHETIC PROCESSES 
AND PARTITIONING OF ASSIMILATES 

Gibberellins and Photosynthesis 

Foliar Applications. It is well known that gibberellins have the ability to 
stimulate plant growth and development in a variety of test systems. A question 
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which might be raised is whether gibberellins increase plant size as a result of 
increased photosynthetic rates or due to more efficient utilization of photosyn
thetic products? There are many different reports in the literature on the 
involvement of gibberellins in photosynthetic processes, some showing in
creases (Wareing et al. 1968; Borzenkova 1976; Chatterjee et al. 1976; 
Coulombe and Paquin 1959; Erkan and Bangerth 1980; Gale et al. 1974; Lester 
et al. 1972; Marcelle and Oben 1972; Marcelle et al. 1974) and others no effect 
(Haber and Tolbert 1957; Hayashi 1961; Little and Loach 1975) or a decrease 
(Sanhla and Huber 1974). Coulombe and Paquin (1959) demonstrated that 
tomato foliage entirely or partially sprayed with GA3 exhibited an increase in 
respiration, photosynthesis, and transpiration within several hours. Similar re
sults were found by Hayashi (1961), who demonstrated that foliar applications 
of GA3 increased photosynthetic activity in tomato plants over a seven-day 
period. However, his conclusion was that the increase in photosynthetic rate 
was not due to increased photosynthetic activity, but to an increase in leaf area. 
Foliar sprays of GA3 have been reported to stimulate photosynthetic rates of 
fully expanded primary leaves of bean plants (Marcelle et al. 1974; Treharne 
et al. 1970). However, Bidwell and Turner (1966) reported that GA3 had no 
effect on photosynthetic rates of bean leaves. Foliar applications of gibberellins 
have also been shown to stimulate photosynthetic rates in maize (Wareing et 
al. 1968) and potato leaves (Borzenkova 1976). 

When applied as a foliar spray gibberellins have been shown to increase 
rates of CO2 fixation, transpiration, and stomatal aperture in barley leaves 
(Livine and Vaadia 1965); whereas, foliar applications of GA3 were shown to 
have no effect on CO2 fixation or the distribution among products of photosyn
thesis in chlorella and detached leaves of barley, oats, and peas (Haber and 
Tolbert 1957). In Pennisetum there was a decrease in CO2 fixation and photo
synthetic enzymes following GA3 treatment (Wellburn et al. 1973). In plants 
where GA3 stimulates photosynthetic rates or enhances ultrastructural mor
phogenesis of plastids it also enhances the in vitro activity of ribulose bisphos
phate carboxylase/oxygenase (rubisco) a major photosynthetic enzyme in 
plants (Wareing et al. 1968; Arteca and Dong 1981; Hoad et al. 1977). The 
activity of cytoplasmic sucrose phosphate synthase (SPS), a key enzyme regu
lating the pool size of sucrose in the leaf has been shown to be stimulated by 
foliar applications of GA3 or G~ and GA7 in soybean plants. Source tissues 
have the capacity to load photoassimilates into phloem tissue for long-distance 
transport and foliar applications of GA3 have been shown to promote phloem 
loading (Baker 1985). 

Root AppHcations. As is evident from a brief review of the literature on 
the subject of plant growth substance involvement in photosynthetic processes 
there is a serious state of confusion with some reporting increase, decrease, or 
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no effect. When positive results were obtained from GA3 treatments, they were 
at higher concentrations than the known low endogenous levels of gibberellins 
found in plants (Treharne and Stoddart 1968). Until the work of Arteca and 
Dong (1981) there had been no detailed studies on root applications of any of 
the known classes of plant growth substances on photosynthetic processes. By 
applying plant growth substances to the roots, a number of benefits over foliar 
applications can be achieved. First, two of the eight classes of plant growth 
substances discussed in this text are thought to be produced in the roots and 
transported to the shoots where they elicit a response. Second, there may be 
greater uptake of these compounds through the roots and a more even distribu
tion throughout the plant, since root applications avoid problems associated 
with the cuticle layer, leaf hairs, and other factors which make penetration of 
the leaf more difficult. Third, applying plant growth substances to the roots 
also has decided practical applications. It is feasible to supply plant growth 
substances to the roots to reduce transplanting shock, as a slow-release ferti
lizer, increasing availability over a long period of time. Even though there are 
a number of benefits which can be derived from using root applications there 
are also problems associated with this approach. The root environment has a 
profound effect on the effiency of root applications of plant growth substances. 
For example, when plant growth substances are applied to the roots of plants 
grown hydroponically there is maximal uptake and low concentrations are 
required to have an effect on photosynthesis (Arteca and Dong 1981; Dong and 
Arteca 1982; Arteca 1982; Tsai and Arteca 1985; Arteca et al. 1985a, 1985b; 
Arteca and Tsai 1988; Arteca et al. 1991). By contrast, high amounts of organic 
matter in the media can bind the growth substance, making it unavailable to 
the plant. Another disadvantage is the potential for degradation of plant growth 
substances by soil microorganisms. The effects of root applications of GA3 on 
photosynthesis in tomato plants grown hydroponically was first shown by 
Arteca and Dong (1981). They showed that photosynthetic rates (mg COz/dmz/ 
br) determined using an open CO2 gas exchange system were increased 40-50% 
within five hours of treatment with a 1.4 JIM GA3 treatment to the roots. H GA3 
was left in continual contact with the roots, photosynthetic rates remained 
elevated for the duration of the experiment (nine days). The dramatic effect of 
root applications of GA3 over a range of very low concentrations on tomato 
plant growth is shown one week following treatment (Figure 12.11). Interest
ingly, at lower light levels the percent stimulation of photosynthesis by GA3 
was more dramatic. There was approximately a 90% increase in photosynthetic 
rate at 80 J1E m - 2 S - 1, while at saturating light conditions there was approxi
mately a 40% increase over the control rate (Figure 12.12). In a subsequent 
paper with hydroponically grown tomato plants it was shown that root appli
cations of GA3 stimulated photosynthesis, relative growth rate (RGR), and total 
dry matter accumulation (Dong and Arteca 1982). When plant roots were 
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Figure 12.11. Effects varying concentrations of gibberellic acid (GA3) on tomato plant 
growth at one week after treatments; from left to right are 1.4 J.lM GA3, 0.14 J.lM GA3, 
0.014 J.lM GA3 and control (from Arteca and Dong, (1981)). 

dipped in a gel containing GA3 and planted in a medium containing 1 part 
sphagnum peat moss: 1 part vermiculite: 1 part sand at the same concentration 
as previously reported in studies using hydroponics, there was no significant 
effect on plant growth showing one of the potential problems associated with 
root applications (Arteca 1982). The effects of root applications of GA3 on 
photosynthesis, transpiration, and growth of Pelargonium plants has also been 
studied (Arteca et al. 1985a, 1991). It was shown that root applications of GA3 
dramatically stimulated relative growth rates in a genetically diverse group of 
hydroponically grown Pelargoniums at concentrations as low as 0.014 ~M with 
maximum stimulation at 1.4 ~M GA3 (Arteca et a1. 1985a, 1991). As shown 
in Figure 12.13 root applications with GA3 have a profound visual effect on the 
growth of Pelargoniums within one week of treatment. GA3 caused a reduction 
in transpiration rate, whereas net photosynthetic rates and total chlorophyll 
content were unaffected (Arteca et al. 1985a). Therefore, the increase in RGR 
found with Pelargoniums was not due to increased photosynthesis; rather it 
may have been due to a modification in normal partitioning of photosynthates, 
which is similar to observations reported by others (Little and Loach 1975). 
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Figure 12.12. Effects of varying light levels on the photosynthetic rates of GA3 treated 
(1.4 ~M GA3 ) and control plants. Each point represents the mean of three replications 
plus or minus the standard error of the mean two days following treatment (from Arteca 
and Dong (1981». 

The response to GA3 was also evaluated for Pelargoniums grown in a soil mix. 
It was shown that root applications of GA3 increased the number of cuttings, 
length of the cuttings, as well as fresh and dry weights. There was a difference 
between GA3 concentrations required to elicit a response in plants grown 
hydroponically and in a soil mix, with plants grown in soil requiring higher 
concentrations to be responsive. The difference may have been due to microbial 
breakdown of GA3 in the soil or its retention by materials contained within the 
soil mix. The concentration of GA3 required to stimulate growth appears to be 
cultivar-dependent. Therefore, the proper concentration required to elicit an 
optimal response should be tested experimentally prior to large-scale applica
tion. The results from studies previously mentioned suggested that root appli
cations of GA3 may have great potential for increasing cutting production in 
Pelargoniums (Arteca et al. 1985a, 1991). The effects of root applications of 
GA3 on photosynthesis and growth have also been evaluated in many other 
species, including both C3 and C4 plants. The response of root applications of 
GA3 appears to have no correlation with monocots or dicots, C3 or C4 photosyn-
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Figure 12.13. Effects of root applications of 1.4 j.1M gibberellic acid on geranium 
(Pelargonium x hortorum Sincerity) growth one week after treatment. Untreated on left 
and treated plant on right (from Arteca et al. (1985a». 

thesis, but only depends on the species (Tsai and Arteca 1985; Latimer 1992). 
Although root applications are better than foliar sprays, providing more con
sistent results, it is still unclear as to how GA stimulates plant growth. In 
summary, the enhancement of growth rate by GA3 might result from an increase 
in effective leaf area, a stimulation of photosynthetic rate, a modification in 
partitioning of photosynthate, or a cooperative effect. 

Cytokinins and Photosynthesis 

Foliar Applications. Researchers have shown that foliar sprays with kin
etin can stimulate photosynthetic rates (Borzenkova 1976; Meidner 1969; 
Treharne et al. 1970). Meidner (1969) reported that the treatment of the 
primary leaves of barley with 3 ~M solutions of kinetin promoted an increase 
in net CO2 assimilation rates. The resulting reduction in CO2 concentration 
inside the leaves was considered to be one of the factors causing decreases in 
stomatal resistance, but it also appeared that kinetin was affecting the stomatal 
mechanism directly (Meidner 1967). The increase in net CO2 assimilation was 
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later shown to be primarily due to a decrease in stomatal resistance (Meidner 
1969). Others have reported that kinetin or beozyladenine can stimulate photo
synthesis and rubisco in fully expanded bean leaves with no significant effects 
on specific radioactivity incorporated into plastid rRNA components 
(Feierabend 1969; Treharne et al. 1970). It has also been shown that foliar 
applications of cytokinins can promote chloroplast development (Parthier 
1979). Both chloroplasts and amyloplasts are derived from proplastids, there
fore, it is possible that amyloplast development might also be altered by 
cytokinin applications (Jones et al. 1986). Cytokinins have also been reported 
to enhance phloem loading (Daie 1986) and unloading (Clifford et al. 1986), 
suggesting that their ability to regulate transport of photoassimilates may be 
responsible for the observed effects on photosynthesis. 

Root Applications. Dong and Arteca (1982) showed that there was a 
3(}"35% increase in photosynthetic rate (mg CO:Jdm2/hr) of attached tomato 
leaves within eight hours of root treatments with 0.47 JIM kinetin. For up to 
two days following the initial treatment with 0.47 JIM kinetin there was a 
stimulation of photosynthesis, RGR, and total dry matter accumulation. At low 
light levels there was approximately a 100% increase in photosynthetic rate 
two days following treatment with 0.47 JIM kinetin, while at saturating irra
diance there was a 3(}"35% increase (Figure 12.14). When roots were left in 
contact with 0.47 JIM kinetin for longer than two days there was extensive 
branching of the root system and growth was dramatically reduced. Plants 
treated with kinetin for up to seven days exhibited optimal stimulatory effects 
on photosynthesis at considerably lower concentrations (0.0047 JIM). This 
increase in photosynthesis is consistent with the findings of others who have 
shown that foliar sprays of kinetin enhanced photosynthetic rates (Borzenkova 
1976; Meidner 1967 1969; Treharne et al. 1970) and is further supported by 
the dry weight gains in barley tiller buds resulting from short-term kinetin root 
dips (Sharif and Dale 1980). 

In addition to the stimulatory effect on photosynthesis, root applications of 
0.0047 JIM kinetin also caused a decrease in stomatal resistance, thus allowing 
more CO2 into the leaf and potentially increasing growth. This was consistent 
with the findings of Meidner (1967, 1969) and would partially explain the 
increased photosynthetic rates at low light levels. Since kinetin treatment de
creases leaf resistance, thereby, increasing CO2 uptake by the leaf, rubisco may 
be promoted and the wasteful effects of photorespiration due to the oxygenase 
form of this enzyme would be suppressed. It has been shown that root appli
cations of kinetin can reduce transplanting shock in tomato plants (Arteca 
1982). In this study kinetin was incorporated into a starch-acrylate polymer gel, 
roots were dipped in this mixture and then planted in a potting mixture con
taining 1 sphagnum peat moss: 1 vermiculite: 1 sand, and grown under green-
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Figure 12.14. Effects of varying light levels on the photosynthetic rates of kinetin
treated (0.47 IlM) and control plants. Each point represents the mean two days following 
treatment of three replications. Bar in the top left-hand comer indicates the maximum 
standard error (from Dong and Arteca (1982». 

house conditions. All kinetin treatments increased RGR, total leaf area, and 
plant dry weight, but the highest concentration tested was supraoptimum. This 
response to kinetin supports the findings of Dong and Arteca (1982), which 
showed that root applications of kinetin at low concentrations increased photo
synthetic rates in tomato plants. Therefore, the use of root applications of 
kinetin to decrease tomato transplanting shock has the ability to increase 
transplanting efficiency; however, kinetin treatments must be field-tested before 
they can be incorporated into commercial practices. 

Molecular Manipulation of Endogenous Levels of Cytokinins and Photo
synthesis. Transgenic tobacco plants with T-DNA carrying gene 4 for 
cytokinin synthesis were shown to contain 10-20% higher levels of endogenous 
zeatin, zeatin riboside, and isopentenyladenosine. These changes were asso
ciated with changes in photosynthetic processes at the chloroplast and leaf 
level. Transgenic plants had a higher proportion of photosystem 2 light har
vesting complex in the thylakoids as compared to control plants. Photosynthetic 
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rates as measured by CO2 uptake were approximately 25% higher than in 
nontransformed plants. In addition, the rates of dark and light respiration, and 
the CO2 compensation point were higher in transgenic plants, while transpira
tion rates were not significantly effected (Catsky et al. 1993a). Research by 
the same group has also shown that high levels of endogenous cytokinins in 
transgenic plantlets limits photosynthesis (Catsky et al. 1993b). Transgenic 
potato plants containing the gene for cytokinin synthesis grown in vitro ex
hibited a dramatic increase in zeatin, zeatin riboside, isopentenyladenine, and 
isopentenyladenosine over control plants. The high levels of cytokinins resulted 
in decreased photosynthetic rates, while increased dark respiration, light respir
ation, and CO2 compensation points were observed. The higher levels of en
dogenous cytokinins were also associated with lower activities of both photo
systems in isolated chloroplasts (Catsky et al. 1993b). These studies, along 
with future studies utilizing molecular technology to modify endogenous levels 
of plant growth substances, may someday lead to a better understanding of how 
plant growth substances are involved in the enhancement of photosynthesis. 

Abscisic Acid and Photosynthesis 

There is a large amount of evidence indicating that ABA has an important 
regulatory role in the resistance of plants to environmental stress (Markhart et 
al. 1979; Riken et al. 1976; Davies and Jones 1991). It is also known to cause 
stomatal closure in a number of plants (Raschke and Hendrick 1985; Raschke 
1975; Walton 1980; Davies and Jones 1991) and has been reported to modify 
the permeability of roots to water (Fiscus 1981; Glinka 1977; Glinka and 
Reinhold 1972; Markhart et al. 1979). In general, foliar applications of ABA 
have been shown to decrease photosynthetic rates and rubisco levels (Fisher et 
al. 1985; Mittelheuser and van Steveninck 1971; Poskuta et al. 1972; Wellbum 
et al. 1973; Makeev et al. 1992; Davies and Jones 1991) and have a potential 
role in photosynthate partitioning and seed filling (Brenner 1987; Makeev et 
al. 1992). Markhart (1982) reported that ABA applied to the roots of soybean 
plants was transported to the shoot via the transpiration stream. Since ABA has 
an important regulatory role in the response of plants to environmental stress 
and root applications of plant growth substances are more efficient than foliar 
applications (Arteca and Dong 1981; Dong and Arteca 1982), studies utilizing 
root applications of ABA to address practical problems were undertaken. The 
effects of root applications of ABA on reducing photosynthesis and transpira
tion in Pelargoniums were evaluated in order to reduce damage to cuttings 
which occurs due to active transpiration and growth during their shipment 
(Arteca et al. 1985b). In this study they showed that 30 minutes after ABA 
treatments (76 ~M) to the roots, there was a reduction in both photosynthesis 
and transpiration (Arteca et al. 1985b). This response was faster than previous-
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ly reported (Markhart et a1. 1979) and is probably due to more efficient uptake 
of ABA by Pelargonium plants. When the roots of Pelargonium plants were 
kept in continual contact with ABA (76 ~M), photosynthesis and transpiration 
remained low. Although this is an interesting finding it is not practical to keep 
ABA in contact with the roots for the duration of the shipping process; there
fore pulse/chase experiments were performed. Plants treated with 76 ~M ABA 
for six or nine hours followed by rinsing the roots and returning to full-strength 
Hoagland solution minus ABA showed an inhibition in photosynthesis and 
transpiration four days following treatment, however, after six days there was 
no difference between treated and control plants. The reduction in photosyn
thesis and transpiration reported in this paper may have practical value in the 
shipment and storage of Pelargonium cuttings. It is also possible that this 
technology could be applied to other genus and species as well (Arteca et a1. 
1985b). Another example of the practical application of ABA to reduce photo
synthesis, transpiration, and growth is with tomato plants. When tomato trans
plants are set in the field there is a delay in growth of about 10 days following 
transplanting due to shipping injury (Arteca 1982). Part of this transplant shock 
is the result of damage arising from active transpiration and growth causing 
desiccation during transport. It had been suggested that root applications of 
ABA may have practical value in reducing photosynthesis and transpiration in 
other genus and species, thereby reducing shipping injury. Therefore, the 
information from the Pelargonium study was applied to tomato transplants. 
It was shown that short-term pulses of ABA to tomato transplants could 
reduce photosynthesis and transpiration for four days, but by the sixth day 
there was no difference from the untreated control (Arteca and Tsai 1988). 
This work supported the previous findings of Arteca et a1. ( 1985b) and 
provides additional evidence that ABA treatments may have practical value 
in a wide range of genus and species; however, further research is necessary 
in order to fully evaluate the commercial or applied potential of ABA treat
ments. 

Indole-3-Acetic Acid and Photosynthesis 

IAA has been shown to have a stimulatory effect on photosynthetic rates in 
a number of different species when applied as a foliar spray (Borzenkova 1976; 
Turner and Bidwell 1965; Chatterjee et a1. 1976). In a study by Turner and 
Bidwell (1965) they showed that when bean leaves were sprayed with a 
solution of IAA, the rate of leaf CO2 assimilation increased shortly thereafter, 
then returned to the original rate. They also demonstrated that spraying the 
leaves of green beans swiss chard, strawberries, sunflowers, soybeans, wheat, 
geraniums and ferns with IAA caused increases in the rate of CO2 assimilation 
30--100% during the first half-hour to one hour following spraying. In subse-
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quent experiments with isolated chloroplasts it was shown that IAA caused a 
stimulation in photosynthesis by increasing photophosphorylation and CO2 fix
ation (Tamas et al. 1973). However, when similar experiments were performed 
(Robinson et al. 1978) there was no significant effect on the rate of CO2 

fixation; instead IAA treatments were shown to reduce aging of the isolated 
chloroplasts. Therefore, it was concluded that the increase in CO2 uptake fol
lowing IAA application was not due to a direct interaction with the chloro
plasts. Erkan and Bangerth (1980) reported that foliar applications of IAA 
reduced photosynthesis of tomato and pepper plants. In a subsequent study with 
hydroponically grown tomato plants it was shown that root applications of IAA 
have either no effect on photosynthetic rate, RGR, or total plant dry weight, or 
an inhibitory effect was observed (Dong and Arteca 1982). It has also been 
shown that photosynthesis was inhibited in blade meristems of Alaria esculenta 
treated with IAA (Bugelin and Bal1976). In addition, Zerbe and Wild (1981) 
reported that dry weight, soluble reducing sugars, soluble protein, chlorophyll, 
chlorophyll alb ratio, and the rate of CO2 fixation were lowered by foliar 
applications of IAA during the development of the primary leaves of Sinapsis 
alba. A review by Brenner (1987) outlined the possible control points at which 
plant growth substances may affect photosynthesis and partitioning of sucrose 
in developing seeds. In this scheme IAA was identified as a promoter of 
stomatal opening, rubisco, sucrose phosphate synthase, phloem loading, phloem 
transport, and activity of sinks. Considering these effects, the possibility exists 
that increases in photosynthesis were due to an increase in stomatal aperture 
and an increase in the activity of sinks, but further research is necessary to 
more clearly understand the direct involvement of IAA in photosynthesis. 

Other Plant Growth Substances and Photosynthesis 

There are a number of reports in the literature on the effects of ethylene and 
ethylene-releasing compounds on photosynthesis in a variety of species with 
some showing no effect to partial inhibition (Kays and Pallas 1980; Pallas and 
Kays 1982; Taylor and Gunderson 1986; Erkan and Bangerth 1980; Gunderson 
and Taylor 1988; Squier et al. 1985) or a promotive effect (Cliquet and 
Morot-Gaudry 1989). In most cases when ethylene promoted a decrease or 
increase in photosynthesis there was a partial effect on stomatal aperture. 
Recently, it was shown that when tomato plants were treated with high CO2 

levels for short or long periods of time there was a decrease in photosynthesis, 
which is typical of C3 species. In conjunction with the decrease in photosyn
thesis there was an increase in ACC and ethylene, implicating ethylene in the 
reduction of photosynthesis. Plants grown at high levels of CO2 for long periods 
of time maintained their capacity for increased levels of ethylene production 
(Woodrow and Grodzinski 1993). When epinasty was induced by foliar appli-
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cations of ethephon in tomato plants there was a 60% decrease in the ability 
of the leaf to intercept light, thereby, resulting in a 35% reduction in photo
synthesis. When the leaves from epinastic plants were returned to their original 
position normal rates of photosynthesis were observed (Woodrow et al. 1989). 
Although ethylene has been shown to reduce photosynthesis in a number of 
cases, it is difficult to determine if this is a direct effect, since it has the ability 
to modify stomate size, leaf angle, chloroplast integrity, and sink activity in 
tissues such as apical meristem (Abeles et al. 1992; Qiquet et a1. 1991) and 
other complicating factors. In general, most workers conclude that ethylene 
does not have a direct effect on photosynthesis (Bradford 1983; Woodrow and 
Grodzinski 1989; Woodrow et al. 1989). 

Brassinosteroids have been shown to have profound effects on plant growth 
and development. Initial studies by workers at the USDA in Beltsville, Mary
land, provided evidence that brassinosteroids have the ability to increase crop 
yields (Maugh 1981) and suggested that these compounds could have potential 
economic benefits in agriculture. Due to variability in results, testing was 
discontinued in the United States, while extensive testing has been initiated in 
Japan and China using 24-epibrassinolide, a synthetic brassinosteroid. These 
studies showed that 24-epibrassinolide has the ability to increase yields in a 
variety of plant species, but depending upon cultural conditions, method of 
application, and other factors, there were variable effects. Although brassinos
teroids have a profound effect on crop yields, little is known about their effects 
on photosynthesis. It is possible that future research in this area will lead to a 
better understanding of the involvement of BR in photosynthetic processes and 
provide an explanation for the variable effects on crop performance (Cutler et 
al. 1991). 

Jasmonates have been shown to inhibit plant growth and speed the senes
cence process. Therefore, even though their involvement in photosynthesis has 
not been studied directly, it appears that the effects would be negative. While 
there have been no studies on the effects of salicylic acid on photosynthesis, 
it has been shown to stimulate flowering and other processes associated with 
a reduction in photosynthesis. 
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CHAPTER Weed Control 
13 

Most if not all people working with plants understand what is meant by the 
term weed. The most common definition of a weed is a plant growing where 
it is not desired (Buchholtz 1967). Now even though this definition makes a 
lot of sense, it is not one which is agreed upon by all. In fact, there are a 
number of definitions which have been used to describe weeds (Harlan and 
deWet 1965), and a considerable amount of debate about the pros and cons of 
each (Zimdahl1993). Weeds are very costly because they compete with crop 
plants for water, nutrients, and light, while harboring diseases and insects which 
attack crop plants, thereby increasing production costs. In addition, weeds: 

1. Reduce quality of farm products. 

2. Reduce plant and animal yields. 

3. Increase production costs. 

4. Interfere with water management. 

5. Pose problems with human health. 
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6. Limit human efficiency. 

7. Decrease land value. 

8. Reduce crop options which can be planted on a given piece of land. 

9. May be a fire hazard. 

10. Can be unsightly. 

Weeds are classified as pests in the same manner as insects, plant diseases, 
nematodes, and rodents. A chemical used to control a pest is called a pesticide, 
and one which is used specifically for weed control is known as an herbicide. 
The cost of weeds to man is much higher then generally recognized. Weeds 
are widespread in their occurrence and cost billions of dollars annually due to 
crop losses and control costs on farms in the United States (Chandler et al. 
1984). Weeds also have a major economic impact in home site maintenance, 
lowered human efficiency, and recreational areas. At the present time there are 
no accurate dollar amounts available; however, weeds result in major losses 
annually in these areas. 

WEED CONTROL METHODS 

There are many reasons why weed control is necessary from successful crop 
production to aesthetics in the urban environment. The following sections 
outline some of the factors and practices which should be considered when 
developing a weed management program. 

Prevention, Control, and Eradication 

Prevention is a practical way to stop a given species of weeds from con
taminating an area. In fact, a good weed manager emphasizes prevention rather 
than control. This is accomplished by: 

1. Making sure no new weed seeds are carried into a given area by contaminated 
crop seeds, feed, digestive tracts of animals, or on machinery. In addition, one 
should be careful to inspect nursery stock and any materials such as sand, soil, 
etc. brought onto the property and to pay special attention to the perimeter of the 
property line as a source of new weeds. 

2. Preventing weeds in a given area from going to seed. 

3. Preventing the spread of perennial weeds which reproduce vegetatively. 

Prevention is a very important management practice because it is a practical 
and cost-effective way to control weed problems, especially preventing out
breaks of new weed problems; however, it is very difficult to fully implement. 
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Control is an important form of weed management which decreases the 
population of weeds to levels which do not reduce yields, interfere with harvest 
operation, or create other problems typically associated with weeds. 

Eradication is the complete elimination of a weed species from an area 
including live plants and reproductive parts such as seeds and vegetative 
structures. On a large scale, eradication is not generally economically feasible, 
however, on a smaller scale where high-value horticultural or ornamental plants 
are grown, this approach may be a viable option. Eradication generally uses 
soil fumigation to get rid of weed seeds and vegetative parts found in the soil, 
although chemicals can also be used successfully. An added benefit of soil 
fumigation is insect and disease control. 

Weed Management 

As mentioned earlier it is always better to prevent than to control; however, 
this is not always possible because in many cases weed seeds are airborne 
and/or animalborne and infiltration cannot be prevented. Weed management is 
both a science and an art combining prevention, eradication, and control to 
successfully reduce the weed problem to an acceptable level. A good weed 
manager takes into account many factors such as the field cropping history, 
objectives of the control, technology available, financial resources, and many 
other factors in order to successfully control weeds. Once good management 
practices have been established to prevent weeds there are four general areas 
of weed control: 

1. Mechanical practices include tillage, hand weeding, mowing, mulching, electric 
weeding, burning, sound weeding and flooding. 

2. Cultural practices such as crop selection (competition), rotation, variety selection, 
planting date, plant population, and spacing, plus fertility and irrigation all affect 
weed management. 

3. Biological control uses insects and diseases that naturally attack weeds and the 
competitive ability of crops and herbivores to reduce or eliminate the detrimental 
effects of weed populations. 

4. Chemical control is used to nonselectively kill weeds prior to planting or to 
selectively kill weeds in crops. 

The best reduction in weed population incorporates mechanical, cultural, and 
chemical control. In specific cases biological controls can be added to this 
combination, but its use is limited. Although all groups and their integration 
are important, further discussion will be limited to chemical control, since it 
directly relates to the general theme of this text (Ashton and Monaco 1991; 
Zimdahl 1993; Herbicide Handbook 1989). 
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INTRODUCTION TO CHEMICAL CONTROL 

The use of chemicals to selectively kill weeds is a key part of any weed 
management system. The word herbicide comes from the Latin herba, or plant, 
and caedere, to kill. Since Theopbrastus reported that trees, especially young 
trees, could be killed by pouring olive oil over their roots, many nonselective 
materials such as salt, sodium arsenate, carbon bisulfide, petroleum oils and 
others have been shown to kill weeds (Zimdahl 1993). It was not until 1932 
that the first synthetic organic chemical, 2-methyl-4,6-dinitrophenol was intro
duced for selective weed control in crops. It was used for many years thereafter 
for selective control of some broad-leaf weeds and grasses in large-seeded 
crops such as beans. Today, there are over 130 different selective herbicides 
used in the world. In the United States one billion pounds of pesticides are sold 
annually and over 65% are herbicides. It must be stressed that selectivity is the 
key to the widespread use of herbicides. Herbicides, like any technology, have 
advantages and disadvantages which must be carefully evaluated prior to use. 

There are several methods for classifying herbicides, each having a problem 
associated with it. For discussion purposes, herbicides can be grouped into the 
following categories: 

1. Crop use. 

2. Visual effects. 

3. Site of uptake (root versus shoot absorption). 

4. Contact versus systemic activity. 

5. Selectivity. 

Although it is very important to know whether an herbicide is selective, it 
is a poor way to classify herbicides. Selectivity is primarily a function of rate 
and other factors such as: 

1. Plant age and stage of growth. 

2. Morphology. 

3. Adsorption characteristics. 

4. Translocation. 

5. Type of treatment. 

6. Time and method of application. 

7. Chemical formulation. 

8. Environmental conditions. 

9. Time of application. 

10. Chemical structure. 

11. Mode of action. 
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The pros and cons of each method of classification are presented by Zimdahl 
(1993) and Ashton and Monaco (1991). 

The three major mechanisms of herbicide action which will be discussed are: 

1. Inhibition of plant growth. 

2. Inhibition of respiration or photosynthesis. 

3. Inhibition of plant biosynthetic processes. 

Of the eight classes of plant growth substances discussed in this text there 
are herbicides which mimic auxin action and those which interfere with gib
berellin biosynthesis, while there are no herbicides which directly interfere or 
promote any of the other plant growth substances. 

Herbicides Which Mimic IAA Action 

Phenoxy Acids. The introduction of 2,4-dichlorophenoxyacetic acid (2,4-
D) and 4-chloro-2-methylphenoxyacetic acid (MCPA) in the mid-1940s, im
mediately following World War II, had a profound effect on weed control. It 
was demonstrated that synthetic organic compounds could be developed eco
nomically for selective control of weeds in crops. Mter these compounds were 
introduced, the chemical industry initiated a major program on research and 
development of a wide variety of herbicides which are available and commonly 
used today. 

The discovery that phenoxy herbicides are phytotoxic was a direct result of 
basic plant growth regulator research. They are often referred to as auxinlike 
herbicides because they induce epinasty in broad-leaf plants in the same way 
as lAA, the naturally occurring auxin found in plants. Today there are six 
phenoxy herbicides used in the United States. All have the basic phenoxy 
structure with a chlorine at position 4 of the ring and an aliphatic acid (acetic, 
butyric, or propanoic acid) attached to the oxygen atom with either a chlorine 
or methyl group at position 2 on the ring. The common name, chemical name, 
and structure are given in Table 13.1. As is evident from Table 13.1, each of 
the six phenoxy herbicides have similar characteristics; however, they each 
have unique uses. 2,4,5-T, which had been used as a phenoxy herbicide, has 
been withdrawn from the market because of the presence of a carcinogenic 
contaminant, 2,3,8,9-tetrachlorodibenzo-p-dioxin (TCDD), occurring during its 
synthesis. Current methods for the synthesis of the six phenoxy herbicides used 
today do not contain TCDD. 

2,4-D is a white crystalline solid which is slightly soluble in water. Common 
forms of 2,4-D are acid, amine salts, inorganic salts, and esters. The different 
forms resulting from substitution at the terminal hydrogen atom on the acetic 
acid side chain of the parent molecule are shown in Table 13.1. These substi-
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Table 13.1. The common name, chemical name, and structural formula for six phenoxy 
herbicides. 

O-RI 

C7~ 
Cl 

Common name Chemical name Rl Rz 

2,4-D (2,4-Dichlorophenoxy)acetic acid -CHz-COOH -Cl 

MCPA (4-Chloro-2-methylphenoxy)acetic acid -CHz-COOH -CH3 

2,4-DB 4- (2,4-Dichlorophenoxy) butanoic acid -(CHZ)3-COOH -Cl 

MCPB 4- ( 4-Chloro-2-methylphenoxy )butanoic -(CHZ)3-COOH -CH3 

acid 

Dichloroprop ( ± )-2-(2,4-Dichlorophenoxy )propanoic CH3 -Cl 
(2,4-DP) acid I 

-CH-COOH 

Mecoprop (± )-2-( 4-Chloro-2-methylphenoxy) CH3 -CH3 

(MCPP) propanoic acid I 
-CH-COOH 

tutions modify physical and biological characteristics of the parent molecule, 
facilitating their use and/or increasing their effectiveness. The efficiency of a 
particular form of 2,4-0 is associated with increased absorption, however, 
volatility of the compound generally increases with greater absorption. 2,4-0 in 
its acid form is not commonly used because it is slightly soluble in water, has 
a low volatility, and is fairly expensive to formulate. There are many formu
lations of 2,4-0 currently available with various combinations of amines, salts, 
esters, or acids. One formulation of 2,4-0 in its acid form together with an 
ester has been shown to be very effective for the control of field bindweed, 
Russian koapweed, Canada thistle, leafy spurge, and cattails (Ashton and 
Monaco 1991). There are several different amine forms of 2,4-0 which can be 
broken down into two types, both having very different properties: 

1. Water-soluble (dimethylamine, isopropylamine, and triethanolamine). 

2. Oil-soluble amines (dodecylamine) (Table 13.2). 

The water-soluble amine forms are commonly used because they are very 
soluble in water, have a low volatility, are easy to handle under field condi
tions, and are inexpensive. They are typically less effective than the highly 
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volatile esters, however, they provide good weed control at a reasonable cost. 
Oil-soluble amines must be used as an emulsifiable concentrate and have the 
advantage of being as effective as the low-volatility esters of 2,4-0 with 
minimal volatility even at high temperatures. There are a number of different 
2,4-0 esters which are used, each varying in their degree of volatility, all of 
which are insoluble in water and used as emulsifiable concentrates. When the 
length of the alcohol side chain is increased there is a reduction in the volatility 
of the compound, and this typically reduces its absorption by the plant (Table 
13.2). In general, esters are absorbed much more readily than other forms of 
2,4-0. When a salt such as ammonium, potassium, sodium, or lithium is 
attached to the 2,4-0 parent molecule it becomes water-soluble and nonvolatile. 
Unfortunately, it also makes it the least effective type of 2,4-0. In fact, of the 
four salts mentioned, the lithium salt is fairly effective and still available, while 
the other three are limited in their use. 

2,4-0 is used as a postemergence treatment to control annual and perennial 
broad-leaf weeds in grass crops and noncrop areas. It can also be used for 
woody plant and aquatic weed control. In order to obtain maximal herbicidal 
activity 2,4-0 should be applied as a foliar spray since it can readily be leached 
from the soil, adsorbed onto soil colloids, and can be readily degraded by 
microorganisms in the soil. The most obvious visual effect of 2,4-0 and other 
phenoxy herbicides on broad-leaf plants is epinasty (Figure 13.1). Leaves 
readily absorb 2,4-0, which is translocated both acropetally and basipetally. It 
accumulates in areas where there is high photosynthate utilization, such as 
developing organs and meristems. Although applied as a foliar spray, 2,4-0 is 
translocated to underground roots and rhizomes, making it very useful in the 
control of perennial weeds. 2,4-0 acts in a similar manner to IAA, however, 
IAA has endogenous control mechanisms which regulate its levels within a 
physiological range, whereas the plant has limited ability to control 2,4-0 
levels once it enters the plant. When applied to plants over a range of concen
trations from low to high, 2,4-0 exhibits a typical bell-shaped curve, initially 
showing a stimulation of growth at low concentrations followed by an inhibi
tion of plant growth and related metabolic processes. When applied as a foliar 
spray, the level of 2,4-0 in meristems and developing organs increases with 
time after application, at first being low and later high. Therefore, initially 
2,4-0 promotes a dramatic stimulation of metabolic processes and growth 
resulting in epinasty followed by a suppression in these processes and growth, 
which results in death of the plant (Penner and Ashton 1966; van Overbeek 
1964). 2,4-0 has been shown to promote a dramatic stimulation in ethylene 
production when applied to vegetative tissues, therefore, it is possible that the 
uncontrolled growth promoted by 2,4-0 may be due to ethylene (Abeles et al. 
1992). 

As shown in Table 13.1, MCPA is very similar in structure to 2,4-0, 
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Figure 13.1. Epinasty induced by 2,4-D in flowering pear (courtesy of L. J. Kuhns). 
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differing at the number 2 position on the parent ring where it has a methyl 
group instead of a chlorine. It can be formulated as a free acid, amine, 
inorganic salt, or ester which affects both its physical and biological properties 
in the same manner as 2,4-D. Although its herbicidal properties are similar to 
2,4-D, it has been shown to be more selective on cereals, legumes, and flax at 
equal rates (Ashton and Monaco 1991). Since the structures are almost ident
ical, the soil influence and mode of action of MCPA is similar to 2,4-D. 

2,4-DB is similar in structure to 2,4-D; however, it has a butanoic acid 
attached to the oxygen on the parent ring instead of acetic acid (Table 13.1). 
Although 2,4-DB can be formulated in the same way as 2,4-D, it is commonly 
used as a water-soluble dimethylamine or a low-volatility butoxyethanol ester. 
It has been shown to be very selective on small-seeded and other legume crops 
as a postemergence treatment for controlling broad-leaf weeds. The amine form 
is used in alfalfa, bird's-foot trefoil, peanuts, and soybean, whereas, the ester 
is used in alfalfa and bird's-foot trefoil. It is affected by soil in the same way 
as 2,4-D, in fact, for it to be effective it must undergo ~-oxidation converting 
it to the 2,4-D acid form. This reaction is more rapid in susceptible rather than 
tolerant plants, thereby permitting its use as a selective herbicide (Herbicide 
Handbook 1989). 

MCPB is identical in structure to 2,4-DB except it has a methyl group at 
the number 2 position of the ring instead of a chlorine atom (Table 13.1). It 
is formulated as a sodium salt and used as a postemergence herbicide to control 
Canada thistle and other broad-leaf weeds in peas. The soil influence of MCPB 
is similar to 2,4-D, and the mode of action is similar to 2,4-DB (Ashton and 
Monaco 1991). 

Dichlorprop is similar in structure to 2,4-DB except it has a propanoic acid 
group attached to the oxygen on the parent ring as opposed to a butanoic acid 
(Table 13.1). It is commonly used as a low-volatility butoxyethyl ester for 
woody plant control on roadsides and utility right-of-way. Mecoprop is ident
ical to dichlorprop except it has a methyl group at the number 2 position on 
the parent ring as opposed to a chlorine (Table 13.1). It is usually formulated 
as a soluble amine salt and in some cases it is used together with 2,4-D to 
broaden its effect. Mecoprop is used to control 2,4-D-tolerant weeds; however, 
there are some restrictions for certain grass species, environmental conditions, 
and time of mowing. For more details see product label and consult with local 
authorities. The soil influence and mode of action for both dichlorprop and 
mecoprop are similar to 2,4-D. 

Benzoic Acids. Dicamba is the common name for 3,6-dichloro-2-
methoxybenzoic acid (Figure 13.2). This structure should look familiar because 
it is similar to salicylates, however, there is a methoxy group in the number 2 
position in place of a hydroxyl group and chlorines are added at the number 3 
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Dicamba 
(3,6-dichloro-2-methoxybenzoic acid) 

Cl 0 

<_}C-OH 
NH Cl 

Chloramben 
(3-amino-2,5-dichlorobenzoic acid) 

Figure 13.2. Structural formulas for two benzoic acid herbicides. 

and 6 positions. Dicamba is a growth-regulator herbicide, which controls a 
similar spectrum of weeds as 2,4-D. However, it is more effective on many 
perennial weeds at lower rates than 2,4-D. It is used as a preemergence or 
postemergence herbicide to control a wide range of annual and perennial 
broad-leaf weeds, primarily in grass crops. It is typically formulated as a 
dimethylamine salt and is also available together with 2,4-D, atrazine, or 
several other herbicides to broaden the spectrum of weed control. Dicamba is 
fairly mobile within the soil and subject to leaching. Under warm-moist, slight
ly acidic soil conditions dicamba is degraded by soil microorganisms and goes 
through one half-life in 14 days; however, this is under ideal conditions. When 
soil conditions are cool and dry, dicamba can persist in the soil for up to several 
months. Dicamba has a similar mode of action as 2,4-D, promoting epinasty 
and other physiological effects (Herbicide Handbook 1989). 
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Chloramben is the common name for 3-amino-2,5-dichlorobenzoic acid 
(Figure 13.2). Its structure is similar to dicamba, however, it has a chlorine in 
the number 2 position in place of the methoxy and an amine group in the 
number 3 position. Chloramben is formulated as an ammonium or sodium salt 
and is used as a preemergence herbicide in vegetable and field crops. In order 
to increase the spectrum of weeds controlled by chloramben it is also used in 
combination with other herbicides. In sandy soils chloramben is readily leached 
from the soil, however, as the level of organic matter increases, the degree of 
leaching is also reduced. Microorganisms in the soil will degrade chloramben, 
but it has been shown to persist in most soils for six to eight weeks. Chloram
ben is readily absorbed by roots, seeds, or leaves and is transported depending 
upon the species (Ashton and Crafts 1981). Seedlings treated with chloramben 
show epinastic symptoms which are characteristic of auxinlike compounds. 

Pyridines 

The basic chemical structure of a pyridine consists of one nitrogen atom and 
five carbon atoms in a six-membered ring (Figure 13.3). There are three 
herbicides which fall into this class: picloram, triclopyr, and clopyralid. Pic
loram is the common name for 4-amino-3,5,6-trichloro-2-pyridinecarboxylic 
acid (Figure 13.3). It is a highly potent, persistent, and relatively nonselective 
herbicide which can be used selectively in small grains giving excellent control 
of woody plants and many perennial broad-leaf species including field bind
weed and Canada thistle. Picloram can be applied to either the foliage or soil 
where it is readily adsorbed by organic matter and certain clays (Herbicide 
Handbook 1989), while it is readily leached through sandy soils. Its use as an 
herbicide has been restricted for a number of reasons, one of the main ones 
being that it is very persistent in soils because it is slowly degraded by soil 
microorganisms and has been shown to have phytotoxic effects on plants more 
than one year after application. Picloram is readily absorbed by all parts of the 
plant and is readily transported to areas of rapid growth, where it accumulates 
and persists because it cannot be metabolized by plants. Its mode of action is 
thought to be similar to 2,4-D because it induces epinasty and other effects in 
a similar manner (Ashton and Crafts 1981; Fedtke 1982). 

Clopyralid is the common name for 3,6-dichloro-2-pyridine carboxylic acid 
(Figure 13.3). Its structure differs from picloram because it does not have an 
amino group in the number 1 position nor does it have a chlorine in the number 
6 position. It is used as a postemergence herbicide and is typically applied as 
a foliar spray; however, in certain species it has been shown to be taken up by 
the roots. Clopyralid is effective in controlling many annual and perennial 
broad-leaf weeds and certain woody species. It has been shown to be very 
effective in controlling weeds from polygonaceae, compositae, and legumin-
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Triclopyr 
[(3,5,6-trichloro-2-pyridinyl)oxy]acetic acid 

Figure 13.3. Structural formulas for three pyridine herbicides. 
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osae families (Ashton and Monaco 1991). Clopyralid is not readily adsorbed to 
soil colloids (Herbicide Handbook 1989), in sandy soils it is readily leached 
and can be degraded by soil microorganisms fairly rapidly. The mode of action 
is similar to that of 2,4-0 and it is more selective than picloram. 

Triclopyr is the common name for [(3,5,6-trichloro-2-pyridinyl)oxy] acetic 
acid (Figure 13.3), which differs from clopyralid because it has an oxyacetic 
acid at the number 3 position and a chlorine in the number 6 position. It is 
effective on woody plants and a variety of broad-leaf weeds. It is more effec
tive than other auxinlike herbicides in controlling ash, oaks, and other root
sprouting species. Most grasses are tolerant and while not used extensively in 
crops, it is widely used as a turf herbicide. Triclopyr is not strongly adsorbed 
onto organic matter (Herbicide Handbook 1989), is readily leached in sandy 
soils and degraded fairly rapidly in soils, by microorganisms. Its mode of action 
is similar to 2,4-0 and other auxinlike herbicides. 

Gibberellin Synthesis Inhibitors 

At the present time there are no herbicides which specifically interfere with 
gibberellin synthesis or action. However, it has recently been suggested that 
gibberellin synthesis inhibitors may have practical use in the regulation of weed 
species. It is well established that aquatic plants play a key role in providing 
oxygen, habitate, and sediment stabilization in fresh water systems. However, 
when aquatic plant growth becomes too dense it poses many problems, such as 
restricting fishing, boating, swimming, and other uses (Riemer 1984; Ross and 
Lembi 1985). At the present time aquatic plant management strategies cause a 
major reduction or even the elimination of plant populations due herbicides 
(Ashton and Monaco 1991), many of which are not selective resulting in 
adverse effects such as oxygen depletion and others. There are some aquatic 
plants which elongate rapidly, making their way above the water surface and 
forming a canopy which shades plants with prostrate growth forms, thereby 
restricting their growth (Barko and Smart 1981; Barko et al. 1986). These 
rapidly elongating plants are considered to be aquatic weeds. However, if these 
plants were kept short they would no longer be considered weeds and could 
still serve useful functions in the aquatic environment. Netherland and Lembi 
(1992) explored a possible alternative to current weed control strategies by 
interfering with normal plant growth substance synthesis or action to alter the 
morphology of the plant. 

Gibberellins are known to induce elongation (Takahashi et al. 1991), while 
pyrimidine and triazole plant growth retardants inhibit gibberellin synthesis 
(Graebe 1987; Davis and Curry 1991). These compounds reduce stem length 
in a wide variety of plants (Sterret 1988; Sterret and Tworkoski 1987) includ
ing deep-water rice (Raskin and Kende 1984) and the aquatic plant Callitriche 
spp. (Muskgrave et a1. 1972), suggesting that aquatic weeds capable of rapid 
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elongation may also be inhibited by these kinds of compounds. The potential 
of the gibberellin synthesis inhibitors flurprimidol (a substituted pyrimidine), 
paclobutrazol, and uniconazole (triazole derivatives) to inhibit stem elongation 
of the weedy submersed plants Eurasian watermilfoil and hydrilla under lab
oratory conditions without adversely affecting selected physiological par
ameters were evaluated by Netherland and Lembi (1992). They showed that 
these inhibitors reduced plant height but did not affect photosynthesis, respir
ation, or chlorophyll content in the two weedy submersed aquatic plants. Both 
plants required only a 24-hour exposure to the growth retardant to maintain 
stem length reduction for a six week period, suggesting that these compounds 
have potential for reducing plant height in aquatic systems. It should be noted 
that the sensitivity and morphological responses to plant growth retardants 
differed between the two species. Although the use of plant growth retardants 
to reduce aquatic plant growth is promising under laboratory conditions, field 
studies must be done in order to more completely evaluate their usefulness as 
a new strategy in aquatic plant management on a large scale. 

Inhibition of Respiration, Photosynthesis, 
and Biosynthetic Processes 

Herbicides which act by inhibiting respiration, photosynthesis, and biosyn
thetic processes are very important in agriculture, probably more so than those 
which inhibit plant growth. There are many herbicides involved in the inhibi
tion of each of these processes with a great deal of information about each one. 
In keeping with the focus of this text, only examples of the different classes 
of herbicides and the processes which they affect will be discussed. For more 
details on these herbicides see the Herbicide Handbook (1989). 

Respiration Inhibitors. Herbicides can interfere with respiration in two 
ways, by uncoupling oxidative phosphorylation or by blocking electron trans
port. Examples of compounds which uncouple oxidative phosphorylation are 
methylarsonic acid (MAA) and phenols such as dinoseb, while hydroxyben
zonitriles such as bromoxynil inhibit electron transport. 

Chemicals based on methylarsonic acid (Figure 13.4), such as monosodium 
or disodium methanearsonate, are uncouplers of oxidative phosphorylation. 
They are currently used as selective postemergence herbicides in cotton and 
noncrop areas to control johnsongrass, nutsedge, water grass, foxtail, cocklebur, 
pigweed, and others. In cotton it is applied as a directed postemergence spray 
when cotton is 3 in. tall and prior to full bloom, while in noncrop vegetation 
all foliage should be sprayed to obtain maximum coverage. All formulations 
of methylarsonic acid-based compounds are highly water-soluble. These com
pounds are almost completely inactivated in the soil by surface adsorption and 
ion exchange (Herbicide Handbook 1989). 
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Figure 13.4. Structural formulas for herbicides which inhibit respiration. 

The substituted phenol dinoseb (2-1(1-methylpropyl)-4,6-dinitrophenol) 
(Figure 13.4) also uncouples oxidative phosphorylation. Dinoseb is effective in 
controlling seedling weeds and grasses in crops such as small grains, soybeans, 
peanuts, beans, strawberries, some forage crops, and in grape vineyards, and 
fruit and nut orchards. It is applied as a preplant, preemergence, postemergence, 
and directed postemergence application depending on the weed to be control
led, crop, and formulation used. The usual carrier for dinoseb is either an 
oil-based emulsion or oil solution. As a foliar spray it is absorbed without 
subsequent translocation and causes cell necrosis. Salt formulations are readily 
washed from the foliage, while oil solutions are more resistant. Dinoseb is 
loosely adsorbed in most soils and in sandy soils some leaching can occur. It 
has been shown that dinoseb can be broken down by microorganisms and some 
volatilization from soils can occur. The persistence of dinoseb in the soil is 
from two to four weeks under normal conditions when used at the recommen
ded rates (Herbicide Handbook 1989). 

The hydroxybenzonitrite bromoxynil (3,5-dibromo-4-hydroxybenxonitrile) 
(Figure 13.4) is an inhibitor of electron transport. It is registered for use on 
wheat, barley, oats, rye, com, grain sorghum, garlic, onions, seedling alfalfa, 
flax, mint, annual canary grass, newly seeded turf to control specific broad-leaf 
weeds, and on noncrop sites. Bromoxynil is applied as a postemergence foliar 
spray and water is its usual carrier. It is readily absorbed by the foliage and is 
not generally translocated. When applied as a sodium salt formulation it is 
water-soluble and readily washed from the leaf; however, when applied as an 
oil-soluble amine or ester it can resist removal from the foliage. In plants, 
bromoxynil can be hydroxylated to form benzoic acid, while little is known 
about how it is affected in the soil (Herbicide Handbook 1989). 

Photosynthetic Inhibitors. More classes of herbicides act on photosyn
thesis by inhibiting the conversion of light energy to chemical energy than on 
any other physiological processes. Herbicides from different chemical classes 
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such as ureas, uracils, triazines, triazinones, acylanilids, and pyridazinones inter
fere with the reduction of plastoquinone on the acceptor site of PS II (Schulz et 
al. 199O). These substances with very different structures bind to the thylakoid 
membrane of chloroplasts, thereby blocking photosynthetic electron transport. 

Urea is commonly used as a nitrogen fertilizer. It can be made into an 
effective herbicide by substituting three of the hydrogen atoms of urea (Figure 
13.5) with a phenyl, methyl, and/or methoxy group. Diuron (N'-(3,4-dich
lorophenyl}-N,N-dimethyl urea) (Figure 13.5), also called DCMU, is used by 
scientists as an inhibitor for studies in photosynthesis. At low application rates, 
diuron is used to selectively control germinating broad-leaf and grass weeds in 
crops such as cotton, sugarcane, pineapple, grapes, apples, pears, citrus, and 
alfalfa, whereas at higher rates it is used as a nonselective weed killer. For 
selective weed control, diuron is sprayed on the soil as a preemergence and/or 
direct postemergence treatment. As a nonselective weed killer, diuron can be 
applied either by spraying the soil or as dry granules at any time except when 
the ground is frozen. When used as a selective herbicide, diuron is applied as 
a suspension in water; however, when used as a nonselective herbicide it can 
be applied in an oil suspension or as a dry granular formulation. Diuron is most 
readily absorbed via the root system and is translocated upward by the xylem, 
where it is a strong inhibitor of the Hill reaction. In soils diuron is adsorbed 
greatest by soils with a high organic matter content and to a lesser extent in 
sandy soils where it can be leached. Diuron is readily broken down by microbes 
found in soil and aquatic environments. When applied at low rates diuron will 
persist in the soil for one season, while at higher concentrations it may persist 
for more than one season (Herbicide Handbook 1989). 

Bromacil (5-bromo-6-methyl-3-( 1-methylpropyl }-2,4( 1H, 3H)pyrimidine
dione) is a uracil-type herbicide (Figure 13.5) which can be used for selective 
weed control of annual and perennial weeds in orange, grapefruit, and lemon 
orchards and for seedling weeds in pineapple. It is also commonly used on 
noncropland for the control of a wide range of annual and perennial grasses 
and broad-leaf weeds. Bromacil is applied as a spray or spread dry on the soil 
surface either prior to or shortly after a period of active weed growth. Carriers 
used are water for suspensions, oil solutions or suspensions, or granular formu
lations. Bromacil is readily absorbed through the root system and is a specific 
inhibitor of photosynthesis. In soil there is little adsorption of bromacil to soil 
colloids, however, it is highly susceptible to microbial degradation. When used 
as a selective herbicide it can persist in the soil for one year, whereas at the 
higher concentrations it can persist for more than one year (Herbicide Hand
book 1989). 

Simazine (6-chloro-N,N' -diethyl-1,3,5-triazine-2,4-diamine) is an example 
of a triazine herbicide shown in Figure 13.5. It is widely used as a selective 
herbicide for control of broad-leaf and grass weeds in com, citrus, fruits, nuts, 
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Figure 13.5. Structural formulas for herbicides which inhibit photosynthesis. 
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olives, established alfalfa, and perennial grasses grown for seed or pasture, 
some turf grasses used for sod, ornamentals, nursery plantings, Christmas tree 
plantations, sugarcane, asparagus, and artichokes. It can be used to selectively 
control algae and submerged weeds in ponds. Simazine is also used as a 
nonselective herbicide for vegetation control in noncropland. It is applied as a 
spray in the form of a suspension or as a granular to bare soil. It is absorbed 
mostly by the roots and transported via the xylem to apical meristems and 
leaves where it accumulates with little or no foliar absorption. The mechanism 
of action of simazine and triazine herbicides is due to their ability to bind a 
pigment protein of photosystem II complex in the thylakoid membrane of the 
chloroplast, interfering with normal electron transport into the plastoquinone 
pool. In tolerant plants, simazine is readily metabolized to hydroxysimazine and 
amino acid conjugates, whereas in sensitive plants it accumulates, causing 
chlorosis and eventually death (Figure 13.6). Simazine is more readily adsor
bed on soils with high organic matter than in sandy soils. Due to its low water 
solubility and adsorption to soil colloids there is little problem with leaching. 
Microbial degradation accounts for the major breakdown of simazine in soils 
(Herbicide Handbook 1989). 

Figure 13.6. Injury in barberry leaves caused with increasing dosage of simazine 
(courtesy of L. J. Kuhns). 
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Metribuzin ( 4-amino-6-( 1,I-dimethylethyl )-3-( methylthio )-1,2,4-triazin-
5( 4H)-one) (Figure 13.5) is an example of a triazinone herbicide which is 
effective against annual grasses and many broad-leaf weeds, including cock
lebur, velvet leaf, jimson weed, coffee weed, tea weed, and sickle pod. Po
tatoes, sugarcane, established asparagus, tomatoes, soybeans, citrus, com, es
tablished cereals, peas, and some turf, range, and pasture grasses are tolerant 
to metribuzin. It is typically applied as a preemergence or postemergence spray 
to the soil as a water suspension. Although metribuzin can be adsorbed in some 
cases by the foliage, its major route of uptake is via the roots by osmotic 
diffusion and is subsequently transported to the top of the plant by the xylem. 
In tolerant plants metribuzim is detoxified by oxidation and conversion to 
inactive conjugated forms. In soils with high organic matter metribuzin is 
moderately adsorbed, however, as the amount of organic matter decreases the 
degree of leaching becomes greater. The major means of detoxification is by 
soil microorganisms. Phytotoxic levels in the soil do not persist from one 
season to another (Herbicide Handbook 1989). 

Propanil (N-(3,4-dichlorophenyl)propanarnide) is an example of an 
acylanilide herbicide (Figure 13.5) which is used as a selective postemergence 
herbicide to control grasses and broad-leaf weeds in cultivated rice in the 
southern United States. It is applied as a ground or aerial application in water 
and is translocated from the leaf to the growing point, then back to other leaves. 
In plants such as rice it is completely metabolized and in the soil it is degraded 
one to three days following application due to microbes found in the soil 
(Herbicide Handbook 1989). 

Pyrazon (5-amino-4-chloro-2-phenyl-3-(2H)-pyridazinone) (Figure 13.5) is 
an example of a pyridazinone herbicide which is typically applied preemer
gence, broadcast, or early postemergence, banded for control of annual broad
leaf weeds in sugar beets and red beets. It is rapidly absorbed by the roots and 
translocated via the xylem throughout the plant. It is not recommended on soils 
classified as sand or loamy sands because of leaching and possible crop injury; 
however adsorption on soils containing greater than 5% organic matter dramati
cally reduces herbicide activity. Pyrazon is broken down by microbial organ
isms at a moderate rate, the degradation product being dephenylated pyrazon, 
which has no significant herbicidal activity and does not persist in the soil for 
longer than four to eight weeks depending upon soil moisture and temperature 
(Herbicide Handbook 1989). 

Inhibitors of Biosynthetic Processes. Herbicides have been shown to 
block a variety of biosynthetic processes in plants such as cell division-car
bamates (propham), dinitroanilines (oryzalin), and difenzoquat (difenzoquat 
methyl sulphate); nucleic acid and protein synthesis---alphachloroacetamides 
(alachlor); amino acid synthesis---sulfonylureas (bensulfuron), imidazolinones 
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(imazapyr), glyphosate; carotinoid synthesis inhibitors-amitrole, py
ridazinones (norflurazon), fluridone; inhibition of lipid biosynthesis-car
bamothioates (EPTC), cyclohexanediones (sethoxydim), aryloxyphenoxyp
ropionates (diclofop ); and cell membrane disruption-p-nitro substituted 
diphenylethers (oxyfluorfen), bipyridylliums (paraquat) (Zimdahl 1993; Ash
ton and Monaco 1991; Herbicide Handbook 1989). 

CELL DMSION INlDBITORS. Propham (1-methylethyl phenylcarbamate) (Fig
ure 13.7) is a carbamate-type herbicide. It effectively controls many annual 
grasses such as annual ryegrass, downy brome, annual bluegrass and certain 
broad-leaf weeds such as dodder, curly dock, and purslane. Due to its highly 
volatile nature, propham is mainly used in western states where winter and cool 
weather weeds are of economic importance. Propham's herbicidal action is 
mainly through the roots. Three application methods have been used: preemer
gence, preplant incorporated, and postemergence. It is applied as a flowable 
suspension formulation in water or as a granular. Propham is absorbed through 
the coleoptiles of emerging grass seedlings and to a lesser extent by the roots 
and leaves. When absorbed through the roots propham is readily transported to 
the top of the plant. The only major metabolite of propham is isopropyl-N-2-
hydroxycarbanilate, which has been isolated and characterized from soybean 
plants. Propham is weakly adsorbed to organic matter and is readily leached 
from the soil. Soil microorganisms readily degrade propham to aniline and 
aniline is further degraded. Propham does not persist in the soil from one 
season to the next (Herbicide Handbook 1989). 

Oryzalin (4-( dipropylamino )-3,5-dinitrobenzenesulfonamide) (Figure 13.7) 
is a dinitroaniline compound which is used as a selective preemergence herbi
cide on soybeans, cotton, potatoes, tobacco, fruit crops, nut crops, vineyards, 
ornamental trees, turf, shrubs, flowers, and noncropland areas. At the recom
mended dose it is effective in many annual grasses (e.g., barnyard grass) and 
dicot weeds (e.g., velvet leaf). It is applied as a preplant or postplant emerg
ence spray to the soil surface; its usual carrier is water. Oryzalin does not 
directly inhibit seed germination, rather it affects physiological growth pro
cesses associated with it. Under natural conditions oryzalin is not readily 
leached. The organic matter and clay content in the soil has an influence on 
the rate at which oryzalin is applied. Microorganisms are thought to play a key 
role in the rapid degradation of oryzalin from the soil. It has also been shown 
under laboratory conditions that oryzalin can be photodecomposed. When ap
plied at the recommended rate, oryzalin has been shown to have no adverse 
effect on succeeding crops (Herbicide Handbook 1989). 

Difenzoquat methyl sulphate (1,2-dimethyl-3,5-diphenyl-lH-pyrazolium 
methyl sulphat) (Figure 13.7) is an example of a difenzoquat herbicide. It is 
used for the postemergence control of wild oats in spring and winter cereals 
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(e.g., barley, wheat) and other crops such as maize and grass seed crops as a 
foliar spray using water as a carrier. Difenzoquat methyl sulphate penetrates 
the foliage very rapidly and accumulates in the treated area, although there is 
some acropetal transport. It is not significantly metabolized in plants, and in 
soils it is strongly adsorbed by soil particles, which negates problems with 
leaching. It is readily demethylated photochemically to a fairly volatile mono
methylated pyrazol, whereas microorganisms have little affect on this com
pound. In the soil difenzoquat methyl sulphate has a half-life of 16 weeks; 
therefore, rotation to other crops can be made the following season (Herbicide 
Handbook 1989). 

NUCLEIC ACID AND PROTEIN SYNTIIESIS INlUBITORS. Alachlor (2-chloro-N
(2,6-diethylphenyl)-N-(methoxymethyl) acetamide ) (Figure 13.8) is an 
example of an alphachloroacetamide compound which is applied as a preemer
gence, early postemergence, or preplant incorporated as a spray formulation in 
water or liquid fertilizer or as a granular. It is effective for the control of most 
annual grasses and certain broad-leaf weeds and yellow nutsedge. Tolerant 
crops include com, soybeans, grain sorghum, dry beans, peanuts, cotton, sun
flowers and some other ornamental and established turf species. Alachlor is 
mainly absorbed through the germinating plant shoots and to a lesser extent by 
the roots. It is readily translocated throughout the plant and accumulates in 
vegetative parts to a greater extent than reproductive parts. In plants alachlor is 
rapidly metabolized. It is readily adsorbed by soil colloids and the major form 
of degradation in soil is due to microorganisms. Alachlor persists in soil for 
six to eight weeks depending on soil type and climactic conditions (Herbicide 
Handbook 1989). 

INlUBITORS OF AMINO ACIDS. Both sulfonylureas (e.g., bensulfuron methyl) 
and imidazolinones (e.g., imazapyr) interfere with the biosynthesis of essential 
amino acids in plants. The sulfonylureas and imidazolinones achieve their 
effect by inhibition of the same enzyme acetolactate synthase (ALS). ALS is 
the first enzyme in the biosynthetic chain resulting in the synthesis of branched
chain amino acids valine, leucine, and isoleucine (Schulz et al. 1990). 

Bensulfuron methyl (methyl 2 [[[[[( 4,6-dimethoxy-2-pyrimidinyl) amino] 
carbonyl]amino]sulfonyl]methyl]benzoate) (Figure 13.8) is an example of a 
sulfonylurea, it is applied as a suspension in water as a preemergence or early 
postemergence treatment to weeds in standing water. It is effective on most 
annual and perennial broad-leaf weeds and nutsedge weeds. In an aqueous 
medium it is rapidly absorbed by the foliage, and tolerant plants have the ability 
to metabolize it to inactive metabolites. In high organic matter soils it is readily 
adsorbed and the rate of leaching is minimal. Bensulfuron methyl is broken 
down by aerobic and anaerobic soil and aquatic microorganisms and can also 
be inactivated by chemical hydrolysis. Under field conditions its half-life in 
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water is five to ten days, whereas in soil it is four to eight weeks (Herbicide 
Handbook 1989). Imazethapyr « + or -)2-[ 4,5-dihydro-4-methyl-4-(I
methylethyl) -5-oxo-lH-imidazol-2-yl] -5-ethyl-3-pyridinecarboxylic acid) 
(Figure 13.8) is an example of a imidazolinone compound; it is applied as a 
preplant incorporated, preemergence at cracking, and postemergence with water 
as a carrier for broad-spectrum weed control in soybeans, peanuts, edible beans, 
and alfalfa. It is readily absorbed through the roots and foliage then translocated 
via the xylem and phloem to growing points where it accumulates. Imazethapyr 
is readily metabolized by tolerant plants such as soybeans. In the soil 
imazethapyr is adsorbed on soil colloids and leaching is minimal. Its persist
ence in the soil at phytotoxic levels is from several weeks to several months 
depending on environmental conditions. The loss of imazethapyr from the soil 
is attributed to microbial activity and uptake by the plant (Herbicide Handbook 
1989; Ashton and Monaco 1991). 

Glyphosate (N-(phosphonomethyl)glycine) (Figure 13.8) is a broad-spec
trum herbicide useful in crop, noncrop, and aquatic weed control as a postemer
gence spray. It is a very effective nonselective herbicide on deep-rooted per· 
ennial species and on annual and biennial species of grasses, sedges, and 
broad-leaf weeds. Directional applications may be made with glyphosate to 
obtain selectivity. Glyphosate is absorbed through the foliage and translocated 
throughout the plant. Since it is readily transported through the plant it is 
effective in killing underground propagules of perennial species preventing 
regrowth from these sites. The specific site of action of glyphosate is an 
enzyme in the shikimic acid pathway, 3-phosphoshikimate-l-carboxyvinyltran
sferase (PSCV) formally known as 5-enolpyruvoyl shikimate phosphate syn
thase (EPSP synthase). The dramatic inhibition of this enzyme results in a 
decrease in the level of aromatic amino acids, ultimately leading to a slow 
cessation of growth and other symptoms. Through the use of labeling studies 
it has been shown that plants do not metabolize glyphosate. In the soil 
glyphosate is strongly adsorbed by soil colloids and leaching is very low. 
Glyphosate is degraded in the soil very rapidly by microorganisms, therefore, 
crops can be planted or seeded directly into treatment areas following applica
tion (Herbicide Handbook 1989; Ashton and Monaco 1991). 

INHIBITORS OF CAROTINOID SYNTIIESIS. Amitrole (lH-l,2,4-triazol-3-amine) 
(Figure 13.9) is applied as a foliar spray for the control of perennial broad-leaf 
weeds and grasses in noncropland and some aquatic weeds. It is absorbed by 
the plant slowly; however, once in the plant it is readily translocated. Amitrole 
inhibits pigment formation and regrowth of buds. It is metabolized by plants 
to form j3-(3-amino-s-triazolyl-l-)a-alanine. In the soil amitrole is broken down 
by microorganisms and persists in the soil for approximately two to four weeks 
(Herbicide Handbook 1989). 
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Norflurazon (4-chloro-5-(methamino )-2-(3-(trifluoromethyl)phenyl-3-(2H
pyridazinone) (Figure 13.9) is an example of a pyridazinone compound which 
is applied preemergence or preplant incorporated to weeds, as a band or 
broadcast treatment. It controls many grasses (e.g., annual bluegrass, sedges) 
and broad-leaf weeds (e.g., ragweed, puncture vine) in tolerant crops such as 
alfalfa, asparagus, blueberries, cranberries, cotton, peanuts, sugarcane, 
soybeans, and tree and vine crops. Norflurazon is absorbed through the roots 
and readily translocated to growing points of susceptible plants. It acts by 
inhibiting the biosynthesis of carotinoid pigments, and without these pigments 
to filter light, photodegradation of chlorophyll occurs, leading to chlorosis in 
plants which are not tolerant. Norflurazon is adsorbed by organic matter and 
is not readily leached. It is degraded in the soil partially by microorganisms and 
by volatilization and photodecomposition. Norflurazon has a half-life in soils 
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of between 45 and 180 days, depending on the organic matter content of the 
soil (Herbicide Handbook 1989). 

Fluridone (l-methyl-3-phenyl-5- [3-trifluoromethyl )phenyl ] -4-( lH)~py-
ridinone) (Figure 13.9) is applied as a spray to ponds, lakes, reservoirs, or 
canals (where water movement is minimal) for control of submerged and 
emerged aquatic plants (e.g., fanwort, elodea). In susceptible plants fluridone 
is absorbed by the roots and readily translocated into the shoot where it inhibits 
carotenoid synthesis. There is little metabolism of fluridone in plants. Fluridone 
is strongly adsorbed by soil colloids and is not readily leached. Microorganisms 
are the major factors responsible for the degradation of fluridone in soils, 
whereas in an aquatic environment it is degraded principally by photolytic 
processes. Its half-life in pond water is approximately 21 days, whereas in 
hydrosoil it is 90 days (Herbicide Handbook 1989). 

INHIBITORS OF UPID BIOSYNTHESIS. EPTC (5-ethyl dipropylcarbamothioate) 
(Figure 13.10) is an example of a carbamothioate compound which is applied 
mainly by incorporation into the soil as a selective preemergence herbicide for 
control of grasses (e.g., quack grass) and broad-leaf weeds (e.g., morning 
glory). It is registered for use in alfalfa, beans, bird's-foot trefoil, caster beans, 
citrus, clovers, com, cotton, flax, potatoes, pineapples, pine seedlings, saf
flowers, strawberries, sugar beets, table beets, peas, almonds, walnuts, grapes, 
and ornamental plants. EPTC is readily absorbed by roots and is translocated 
upward to the leaves and stems where it inhibits growth in the meristem regions 
by affecting lipid biosynthesis. In plants it is rapidly metabolized to CO2 and 
other naturally occurring plant constituents. In soil it is adsorbed to dry soil 
but can be leached. The major mode of degradation of EPTC is by microor
ganisms, although it can be lost from the soil by volatilization. At the recom
mended rate EPTC has a half-life of one week (Herbicide Handbook 1989). 

Sethoxydim (2-[1-( ethoxyimino )butyl]-5-2-( ethylthio )propyl]-3-hydroxy-
2-cyclohexen-l-one) (Fisure 13.10) is an example of a cyclohexanedione com
pound which is applied as a ground or aerial postemergence spray for selective 
control of essentially all annual and perennial grass weeds in nearly all broad
leaf crops for food and nonfood use. It is readily absorbed through the foliage, 
and once in the plant is translocated acropeta11y and basipetally to meristematic 
regions where it interferes with lipid metabolism. In plants, sethoxydim has 
been shown to be oxidized, structurally rearranged, and conjugated very rapid
ly. In soils, sethoxydim can be adsorbed depending on the organic matter 
content of the soil. It is broken down by microbes and photolysis in the soil 
with a half-life of five to 11 days (Herbicide Handbook 1989). 

Diclofop (+ or - )-2- [ 4- (2,4-dichlorophenoxy )phenoxy ] propanoic acid) 
(Figure 13.10) is an example of an aryloxphenoxypropionate compound which 
is generally applied as an early postemergence spray for the selective control 
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of annual grassy weeds (e.g., annual ryegrass). Its primary use is on tolerant 
crops such as wheat, barley, soybeans, field peas, lentils, flax, sugar beets, and 
most broad-leaf agronomic and horticultural crops. Diclofop is absorbed by the 
foliage and is not readily translocated. In the plant it has been shown to be 
metabolized to 2- [ 4-(2',4' -dichlorohydroxyphenoxy )phenoxy ] propanoic acid in 
soybeans and 2-[4-(2',4'-dichlorophenoxy)phenoxy]propanoic acid in wheat. In 
the soil, diclofop decomposes in a few days· to 2-[4-(2',4'-dichloro
phenoxy ) phenoxy ] propanoic acid, which in turn is metabolized with a half-life 
of 10--30 days depending on soil conditions (Herbicide Handbook 1989). 

CELL MEMBRANE DISRUPI'ERS. Oxyfluorfen (2-chloro-1-(3-ethoxy-4-nit
rophenoxy)-4-trifluoromethyl)benzene) (Figure 13.11) is an example of a p
nitrosubstituted diphenyl ether compound which is effective as a preemergence 
and/or postemergence herbicide for the control of annual broad-leaf weeds in 
a variety of agronomic, horticultural, fruit tree, and tropical plantation crops. 
It can be applied to the roots or shoots but it is more effective in the shoots, 
once absorbed there is very little translocation. In plants, oxyfluorfen is not 
readily metabolized. It is strongly adsorbed by the soil, not readily leached or 

Oxyftuorfen 

Paraquat 
Figure 13.11. Structural formulas for herbicides which act as cell membrane disrup
ters. 
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broken down by microorganisms; however, photodecomposition of oxyfluorfen 
is rapid in water. When used at the recommended rate it has a half-life of 30-40 
days (Herbicide Handbook 1989). 

Paraquat (1,I'-dimethyl-4,4'-bibyridinium ion) (Figure 13.11) is a bi
pyridullium compound. It is applied as a foliar contact spray for the control of 
aquatic weeds and weeds in sugarcane and noncropland. It is absorbed very 
rapidly and can be translocated. In plants it has been demonstrated that there 
is no metabolic breakdown of paraquat, however, some photochemical break
down has been shown to occur. Paraquat is rapidly and completely inactivated 
in the soil. There is little microbial breakdown of paraquat in the soil; however, 
it is strongly adsorbed by soils, and once bound is very persistent but biologi
cally unavailable (Herbicide Handbook 1989). 

GENETIC ENGINEERING FOR HERBICIDE 
RESISTANCE IN HIGHER PLANTS 

The use of herbicides as part of an effective weed management program is an 
essential practice in modem agriculture. Recently, the demand for environment
al safety has lead to the development of less toxic compounds which are safer 
and, in some cases, more selective. However, at the present time there are only 
a few herbicides which selectively control all plants without adversely affecting 
the cultivated crop. Safeners, also called antidotes or protectants, have been 
developed to broaden the range of crop selectivity for particular herbicides. The 
principle by which safeners work is simple, they interfere with the activity of 
an herbicide in a crop where the herbicide is not normally selective, thereby 
protecting the crop plant from injury. Flurazole (Figure 13.12) is a safener; 
when applied to sorghum it makes it possible to use alachlor as a selective 
herbicide. Another example of a safener is cyometronil (Figure 13.12), which 

Flurazole Cyometrinil 
Figure 13.12. Examples of two safeners which are used to protect crops against 
herbicide damage. 
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is used to protect sorghum plants from metolachlor. These safeners and others 
have been used in sorghum and other crops such as rice, com, wheat, and oats 
(Ashton and Monaco 1991; Zimdah11993; Schulz et al. 1990). Future research 
will lead to the development of new safeners for other herbicides to broaden 
their range of crop selectivity while maintaining their spectrum of weed control. 
One drawback of using safeners is that in the majority of cases where they are 
used the mode of action is unknown, which will make the development of new 
safeners more difficult. 

The development of specific herbicide resistance is another more promising 
approach to safen the use of herbicides. Herbicide resistance can be achieved 
by reducing herbicide uptake, metabolism, modification, or conjugation of the 
herbicide and altering the target site where the herbicide binds. In recent years 
tissue culture and genetic engineering approaches have been used to obtain 
herbicide-resistant plants. Tissue culture is an effective way to produce herbi
cide-tolerant plants because of the ability of plants to be regenerated from plant 
parts. The successful selection of plants which are resistant to herbicides such 
as chlorate (Pental et al. 1982), picloram (Chaleff 1981), glyphosate (Singer 
and McDaniel 1985), chlorsulfuron and sulfometuron methyl (Chaleff and Ray 
1984), and imazapyr (Shaner and Anderson 1985) has been accomplished 
using tissue culture methods. Resistant plants can be produced in several ways. 
One approach is by using the proper concentrations of auxins and cytokinins 
to produce undifferentiated tissues (calli) which generally form at the wound 
edges of an explant. Callus can then be maintained on an artificial medium for 
indefinite periods of time, and in a limited number of species the callus can be 
regenerated into plants. Herbicide-resistant plants can be obtained by subjecting 
callus to mutagenic treatments and placing it on herbicide-containing media. 
The calli which survive can then be regenerated into herbicide-tolerant plants. 
It has also been shown that resistant callus can be obtained without mutagenic 
treatment. This occurs due to variability known as somaclonal variation (Larkin 
et al. 1984; Larkin and Scowcroft 1981). Another approach is to use proto
plasts, which are single cells without a cell wall, the cell wall having been 
degraded by hydrolytic enzymes, to select for herbicide-resistant plants (Kartha 
et al. 1974; Shepard and Totten 1977; Zapata et al. 1977; Dos Santos et al. 
1980; Fujimura et al. 1985). Protoplasts have the added benefit of being able 
to directly take up DNA (Fowke 1985), cell organelles (Potrykus 1973), and 
chromosomes (Szabados et al. 1981), which can be used to develop herbicide
tolerant plants. 

Mutations leading to resistance are random, therefore the molecular mech
anisms of resistance in many cases are unknown. An example of this is 
glyphosate resistance in tobacco plants. These plants have been shown to 
exhibit cross-resistance with amitrole, an herbicide with a completely different 
chemical structure and mode of action. Some of the regenerated herbicide-
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resistant plants show slower growth rates than corresponding wild types, which 
has been attributed to cell culture conditions (Gressel 1985). However, these 
resistant plants can be used as donors of resistance in further crossing experi
ments. 

Another approach to obtaining herbicide-resistant plants is by utilizing gen
etic engineering. Once the mode of action of a given herbicide is established, 
it is possible to produce herbicide-resistant plants by modifying the target site 
where it binds. At the present time there are a variety of approaches using 
genetic engineering to develop herbicide-resistant plants in connection with 
herbicides involved in the regulation of plant growth (2,4-D), photosynthetic 
inhibitors, and those which interfere with amino acid biosynthetic enzymes. In 
this section a brief explanation of work done with 2,4-D detoxification; PSII, 
s-triazines; amino acid biosynthesis, glyphosate, sulfonylurea, imidazolinone, 
and phoshinothricin herbicides will be given. However, for more details see the 
reviews by Schulz et aI. (1990) and Llewellyn et aI. (1990). 

There are a variety of microorganisms found in soils including bacteria, 
yeast, and fungi from several taxonomic groups which have the ability to break 
down 2,4-D. The best characterized organisms are strains of Alcaligenes eu
trophus, which is a simple gram-negative rod bacteria found in most aerated 
soils. Initial studies in this area showed that these strains had the ability to 
grow on synthetic media with 2,4-D as a sole source of carbon (Don and 
Pemberton 1981). All strains which were resistant contained a 75-kb plasmid 
which has since been shown to encode many of the enzymes necessary for the 
breakdown of 2,4-D. The overall pathway of 2,4-D degradation and associated 
genes in A. eutrophus are outlined in papers by Don et aI. (1985) and Streber 
et al. (1987). A chimeric gene construct of the tfdA gene which is responsible 
for the conversion of the first step in the degradation of 2,4-D to 2,4-dich
lorophenol was inserted into tobacco plants. When a group of control and 
transgenic plants were sprayed with a commercial preparation of 2,4-D isop
ropylester at concentrations from 0 to 1000 ppm, control plants showed injury 
at 30 ppm, whereas transgenic plants began to show the same symptoms at 
1000 ppm (Llewellyn et aI. 1990). Further work is in progress on the devel
opment of cotton and other crop plants which are resistant to 2,4-D. 

There are many classes of chemicals which interfere with the reduction of 
plastoquinone on the acceptor site of PSII (Fedtke 1982). Early research 
showing that herbicides from different classes had the ability to dislodge one 
another from the thylakoid membrane lead to the idea that there were distinct 
but overlapping herbicide binding sites (Trebst and Draber 1978). Since this 
time an herbicide-binding protein which has several names (32-kDa protein, Qb 

protein, D1, herbicide-binding protein) has been studied in detail (Schulz et aI. 
1990). A comparison of the sequences of the genes coding for the herbicide
binding proteins from atrazine-resistant and wild-type plants made it possible to 
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classify different amino acid exchanges which lead to herbicide resistance 
(Hirschberg and McIntosh 1983; Schulz et al. 1990); however, before this 
information can be used to engineer resistance in PSII herbicides further re
search is necessary. 

Herbicides which act by inhibiting essential amino acid biosynthesis have a 
great deal of potential. The essential amino acids are phenylalanine, tyrosine, 
tryptophan, valine, leucine, isoleucine, histidine, lysine, threonine, and me
thionine make up about half of the amino acids used for the synthesis of 
proteins. Metabolic pathways for amino acid biosynthesis are essentially the 
same for plants and microorganisms, therefore, extensive information on micro
bial biosynthesis could be useful for future work in plant systems. In recent 
years three amino acid biosynthetic enzymes have been identified as targets of 
important classes of herbicides which include glyphosate, chlorsulfuron, sul
fometuron methyl, imazapyr, and L-phosphinothricin. 

Glyphosate (Round-up) is a widely used nonselective postemergence herbi
cide. Early in vitro studies with glyphosate have shown that it is a potent 
competitive inhibitor of the enzyme 5-enol-pyruvylshikimic acid 3-phosphate 
(EPSP) synthase (Steinrucker and Amrhein 1980), which is the sixth enzyme 
in the shikimic acid pathway leading to the biosynthesis of aromatic amino 
acids. Since this time EPSP synthase has been isolated from a number of plants 
and microbial organisms (Amrhein 1986) and the aroA gene which codes EPSP 
synthase has been isolated and sequenced (Duncan et al. 1984; Stalker et al. 
1985; Klee et al. 1987). It has been shown that glyphosate tolerance in bacterial 
and plant cell cultures correlates with increases in EPSP synthase levels 
(Schultz et al. 1990). Two approaches have been taken to genetically engineer 
glyphosate-resistant plants: to overexpress a glyphosate-sensitive EPSP syn
thase gene into plants and to transfer a mutated gene which codes for a 
glyphosate-resistant EPSP synthase. 

Both of these methods have been used to produce glyphosate-resistant 
plants. In a study with a petunia cell line which overproduces EPSP synthase 
due to gene amplification a cDNA of the EPSP synthase gene was isolated. A 
chimeric gene construct with a 35S cauliflower mosaic promoter was used to 
transform petunia cells, and the resulting transformants were shown to be 
tolerant to glyphosate at commercially applied rates (Shah et al. 1986). The 
other approach which involved the insertion and expression of a mutated 
bacterial aroA gene which codes for a glyphosate-resistant EPSP synthase has 
also been shown to be successful (Comai et al. 1985; Filatti et al. 1987). 
Although both methods can produce glyphosate-resistant plants, they still have 
some deleterious effects on plant growth in the absence of the herbicide; 
therefore, further research is necessary before transformants can be obtained 
for commercial application. 

There are two other groups of herbicides, the sulfonylureas and the 
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imidazolinones, which also interfere with the biosynthesis of essential amino 
acid synthesis. Both groups of herbicides inhibit the same enzyme, acetolactate 
synthase (ALS), which is the first enzyme in the biosynthetic chain resulting 
in the synthesis of the branched-chain amino acids valine, leucine, and 
isoleucine (Schulz et al. 1990). It was shown that there was a correlation 
between resistance to sulfonylureas and possession of a mutated herbicide
insensitive ALS (Chaleff and Mauvais 1984) in plants regenerated from resis
tant plant cell cultures (Chaleff and Ray 1984). Mutants resistant to the 
imidazolinone herbicides have also been reported; these tolerant cells contain 
1000 times more mutated ALS than the wild type (Shaner and Anderson 1985). 
Both ALS genes and proteins have been extensively investigated (Schulz et al. 
1990). It appears that the ease with which resistant ALS can be selected for 
use in the laboratory correlates with the rapid emergence of resistant weeds in 
the fields treated with sulfonulurea or imidazolinone herbicides. 

L-Phosphinothricin is a naturally occurring amino acid possessing herbicidal 
activity by acting as a potent inhibitor of glutamine synthetase (Leason et al. 
1982), which is the enzyme responsible for the assimilation of ammonia, nitrate 
reduction, direct uptake, or amino acid metabolism (Wallsgrove et al. 1987). 
When glutamine synthetase is inhibited by L-phosphinothricin there is a rapid 
increase in the ammonia concentration within the plant leading to death (Schulz 
et al. 1990). Selection for resistance to L-phosphinothricin has been successful 
in alfalfa tissue cultures (Donn et al. 1984). This resistance was found to be 
due to the amplification of a glutamine synthetase gene leading to the over
production of this enzyme. However, it was not possible to regenerate plants 
from resistant tissue culture cells. Since this time several genes for glutamine 
synthetase have been isolated and characterized (Schulz et al. 1990). The 
alfalfa glutamine synthetase gene was overexpressed in tobacco, resulting in a 
three fold increase in specific glutamine synthetase activity and a 20-fold 
increase in resistance to L-phosphinothricin in plants growing on a medium 
containing phosphinothricin. Further work is in progress to engineer plants with 
a high level of resistance to L-phosphinothricin. 

SUMMARY AND CONCLUSIONS 

Until an ideal herbicide which can control all plant species without affecting 
the crop of interest and possessing a high degree of environmental safety with 
minimal persistence in the soil can be produced, alternative measures must be 
taken. One approach is to produce herbicide-resistant plants, a concept which 
is not a new practice among farmers. The development of herbicide-resistant 
crop plants has a number of advantages and disadvantages which are hotly 
debated. The principle advantages of herbicide-resistant crop plants follows: 
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1. Herbicides do not need to be applied as a preventative measure. 

2. Soil erosion is reduced. 

3. Older herbicides are replaced with modem products having a higher degree of 
environmental safety. 

4. Herbicide mixtures are discontinued to simplify weed control programs. 

The disadvantages associated with herbicide-resistant crops follows: 

1. Resistant crops lead to a broader use of chemicals. 

2. The use of herbicide-resistant varieties plus their companion herbicide may pro
mote the appearance of herbicide-resistant weeds. 

3. Large farms may be favored, to the detriment of small ones. 

It is important to note that herbicide resistance is not a new concept in plant 
breeding or weed control and the use of selective herbicides has been a 
common agricultural practice for many years. An example of how classical 
breeding has lead to the development of herbicide resistance is the soybean 
variety Tracy M, which was bred for metribuzin resistance. The use of modem 
genetic engineering techniques to produce herbicide-resistant crop plants should 
be looked upon as a means of speeding up the process of obtaining these plants. 
It is possible that the economic and ecological advantages of herbicide-resistant 
plants outweigh the disadvantages and the use of herbicide-resistant crop plants 
along with the corresponding herbicides will become a routine practice in 
modem agriculture, however, only time will tell. 
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Glossary 

Abscisic acid-A IS-carbon sesquiterpenoid which is partially produced in the chloro
plasts and other plastids via the mevalonic acid pathway. It is a naturally occurring 
compound which is involved in many aspects of plant growth and development, some 
of which are inhibitory (growth) and some which are promotive (normal embryogen
esis, seed storage proteins). 

Abscission-The separation of a plant part, such as a leaf, flower, seed, stem, or other 
from the parent plant. 

Acropetal-Referring to movement from the base to the tip. 

Adventitious rooting-The formation of roots at locations other then where roots occur 
under natural conditions. 

Agent orange-A defoliant used in Vietnam which is a mixture of free 2,4-D and the 
n-butyl ester of 2,4,5-T. 

Annual plants-Plants which complete a life cycle in one growing season. 

Antibody-An immunoglobulin present in the serum of an animal and synthesized by 
plasma cells in response to invasion by an antigen, conferring immunity against later 
infection by the same antigen. 
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Anti-gibberellin-A compound which counteracts the action of gibberellins. 

Autocatalytic ethylene production-Exogenous applications 'of ethylene which cause a 
burst in ethylene biosynthesis. 

Autolysis-Self-digestion. 

Auxins-The term auxin is derived from the Greek word auxein meaning to grow. 
Auxin is a generic term representing a class of compounds which are characterized by 
their capacity to induce elongation in shoot cells and resemble indole-3-acetic acid 
in physiological action. Auxins may, and generally do, affect other processes besides 
elongation, but elongation is considered critical. Auxins are generally acids with an 
unsaturated nucleus or their derivatives. 

llfIkfl1Ule disease-Foolish seedling. 

Basipetal-Referring to movement from the tip to the base. 

Biennial plants-Plants which complete their life cycle in two years. 

Bioassay-A system used to test the activity of a substance with respect to a physio
logical response. 

Bolting-Rapid stem elongation. 

Bound auxins-Auxins not readily available and which can only be released from plant 
tissues after they are subjected to hydrolysis, enzymolysis, or autolysis. 

Brassins-Crude lipoidal extracts from rape pollen causing swelling and splitting of 
bean second internodes. 

Brassinolide-A steroid which is the active component found in brassins causing 
swelling and splitting of bean second internodes. 

Brassinosteroids-A class of steroid compounds having activity similar to brassinolide 
in the bean second internode bioassay. 

Climacteric-Refers to fruits which will ripen in response to ethylene. 

Cytokinins-Substituted adenine compounds that promote cell division and other 
growth regulatory functions in the same manner as kinetin (6-furfurylaminopurine). 

Day-neutraI plants-Plants where flower initiation is determined solely by genotype 
and that have no specific light requirement. 

Density labeling-Use of heavy water to show that an enzyme is produced via de novo 
synthesis. 

Dioecious-Plants having male and female parts on separate plants, an example of this 
is spinach. 

Distal stem cuttings-Shoots which form close to the stem tip. 

Distally-Located on the leaf side of the abscission zone. 

Donnancy-A temporary suspension of visible growth of any plant structure containing 
a meristem. 

Ecdysteroid-Moulting hormones of insects and other arthropods. 

Ecodormancy-Dormancy due to one or more unsuitable factors of the environment 
which are nonspecific in their effect. In seeds this term is equivalent to quiescence. 
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Endodormancy-Dormancy regulated by physiological factors inside the affected struc
ture, such as, the rest period in buds. In seeds, this type is present if embryo excision 
fails to produce either more rapid germination or normal seedling growth. 

Endogenous-Referring to something that occurs within the plant. 

Enzyme-linked immunosorbent assay (ELISA)-An immunoassay which utilizes en-
zymes such as alkaline phosphatase or horseradish peroxidase as a tracer. 

Enzymolysis-Enzymatic breakdown. 
Epicotyl-Section of the stem above the cotyledons. 
Epigeous germination-When the hypocotyl elongates and brings the cotyledons above 

the ground. 

Epinasty-Downward bending of the petiole. 
Ethylene-A simple unsaturated hydrocarbon which promotes fruit ripening and causes 

a triple response in etiolated pea seedlings including inhibition of elongation, in
creased radial expansion and horizontal growth of stems in response to gravity. 

Exogenous-Referring to something that is applied externally. 
Fertilization-Union of the male and female gametes to form the zygote. 
Flower development-The differentiation of the flower structure including events from 

flower formation to anthesis (flowering). 
Flower formation-The visible initiation of flower parts. 
Flower initiation-An internal physiological change in the meristem which precedes 

any morphological change. 
Free auxins-Auxins which can readily diffuse out of the tissue, are easily extracted 

with various solvents, and can be immediately used to regulate physiological pro
cesses in plants. Examples are indole-3-acetaldhyde, indole-3-acetonitrile, indole-3-
pyruvic acid or indole-3-ethanol. 

Fruit-The structure which results from the development of tissues which support the 
ovules of the plant. 

Fruit set-The rapid growth of the ovary which usually follows pollination and ferti
lization. 

Fusicoccin-A fungal toxin. 
Geotropism-The movement of an organ in response to gravity. The are two forms of 

geotropism: negative, movement against the force of gravity; and positive, movement 
with the force of gravity. 

Gibberellins-A class of plant growth substances having an ent-gibberellane skeleton 
that stimulate cell division and/or cell elongation and other regulatory functions in 
the same manner as gibberellic acid (GA3)' 

Gummosis-Promotion of a gummy exudate from the stem. 
Herbicide-Derived from the Latin herba or plant and caedere, to kill. It is a pesticide 

which is specifically used for weed control. 

Heteroauxin-Other auxin. Today it is known as indole-3-acetic acid. 
Hormone-Initially defined as a chemical arousing activity. The current definition in 

animal systems is a compound synthesized at a localized site and transported via the 
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bloodstream to a target tissue where it regulates a physiological response based on 
concentration in that tissue. 

Hypocotyl-Section of the stem below the cotyledons. 

Hydrolysis-Chemical splitting of a bond and adding a water, can be by acid or base. 

Hypersensitive reaction-Following infection by a pathogen a small area around the 
initial point of penetration dies, acting as a protective cell suicide which prevents to 
spread of disease. 

Hypogeous germination-Occurs when the epicotyl emerges and the cotyledons remain 
below the soil surface. 

Imperfect Dower-Containing either pistils or stamens. 

Jasmonates-A specific class of cyclopentanone compounds with activity similar to 
( - )-jasmonic acid and its methyl ester. 

Juvenile phase-An initial period of growth when apical meristems will not respond to 
internal or external conditions to initiate flowers characterized by exponential in
creases in size; absence of the ability to shift from vegetative growth to reproductive 
maturity leading to the formation of flowers; specific morphological and physiological 
traits, including leaf shape, thorniness, vigor, or disease resistance; and a greater 
ability to regenerate adventitious roots and shoots. 

Long-day plants-Plants which flower only when the dark period is shorter than a 
certain critical length. 

Long-sbort-day plants-Plants which require long days first followed by short days. 

Matric potential-Based on the ability of the matrices e.g. cell walls, starch etc. to be 
hydrated and bind water. 

Matnration-Refers to qualitative changes which allow the plant or organ to express 
its full potential. This is accomplished by a gradual transition of morphology, growth 
rate, and flowering capacity. 

Monoecious-Having both male and female flowers on the same plant, an example of 
this is maize. 

Monoclonal antibody-An immunoglobulin produced by a single clone of lymphocytes 
(secreting plasma cell) and recognizing only a single epitope on an antigen. 

Morpbactin-A class of growth-retarding compounds which received their name be
cause they have the ability to affect plant morphogenesis (morphologically active 
substances ). 

Myeloma cell line-An immortal antibody-secreting type of cell. 

Negative curvature-Bending away from the tip. 

Nonclimacteric-Refers to fruits which do not ripen in response to ethylene. 

Oboe Wuchstoff, kein Wacbstum-Without growth substances no growth. 

Osmotic potential-Solute concentration. 

Paradormancy-Dormancy due to the physical factors or biochemical signals originat
ing external to the affected structure for the initial reaction, as in apical dominance 
or bud scale effects. In seeds control would come from any of the enclosing structures 
surrounding the embryo, not restricted to biochemical signals. This category could be 
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identified by more rapid germination and normal seedling growth following excision 
of the embryo. 

Parthenocarpy-Development of fruits without pollination or fertilization resulting in 
seedlessness. 

Perfect flower-Containing both pistils and stamens. 

Perennial plants-Plants which flower and set seeds year after year without dying. 

Pesticide-A chemical used to control a pest. 

Pbotodormancy-State of plants which require either light or dark to germinate. 

Pbotoperiodism-State of plants which flower in response to day length conditions. 

Pbototropism-The movement of a plant organ in response to directional fluxes or 
gradients in light. 

Plant growth regulators-Largely been used by agrichemical companies to designate 
synthetic regulators. The commonly used definition is that they are organic com
pounds other than nutrients (materials which supply either energy or essential mineral 
elements), which in small amounts promote, inhibit, or otherwise modify any physio
logical process in plants. 

Plant growtb retardant - An organic compound that retards cell division and cell 
elongation in shoot tissues and thus regulates plant height physiologically without 
causing malformation of leaves and stems. 

Plant growth substance-( 1) It must be a chemically characterized compound which 
is biosynthesized within the plant and is broadly distributed within the plant kingdom; 
(2) it must show specific biological activity at extremely low concentrations; and 
(3) it must be shown to playa fundamental role in regulating physiological phenom
ena in vivo in a dose-dependent and/or due to changes in sensitivity of the tissue 
during development. 

Plumule-The growing point of the shoot which occurs at the upper end of the 
embryonic axis above the cotyledons. 

Pollination-The transfer of pollen from the anther to the stigma. 

Polyclonal antiserum-A serum sample containing antibodies against a specific anti
gen. Since most antigens have a large numbers of epitopes, an antiserum will contain 
many different antibodies against a given antigen, each antibody having been pro
duced by a single clone of plasma cells. 

Potato tuber-Morphologically a modified stem with nodes and internodes. 

Pressure potential-Turgor. 

Proximal stem cuttings-Roots form nearest the junction between the shoot and root. 

Proximally-Located on the stem side of the abscission zone. 

QIO-Values which are calculated when reaction rates are known at any two tempera
tures (see Figure 9.2). 

Quiescence-A condition where the seed or bud is under exogenous control (conditions 
such as water supply, temperature, or other environmental conditions may be limit
ing). 
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Radioimmunoassay (RIA)-An immunoassay which utilize isotopes such as l25I, 3H 
and 14C as a tracer. 

Receptors-Molecules which specifically recognize and bind the hormone and as a 
consequence of this recognition can lead to other changes or series of changes which 
ultimately result in the biological response. 

Rest-The condition where the seed or bud is under endogenous control (internal 
factors prevent growth even though environmental conditions are favorable). 

Safener-Also called antidotes or protectants which have been developed to broaden 
the range of crop selectivity for particular herbicides. They interfere with the activity 
of an herbicide in a crop where the herbicide is not normally selective, thereby 
protecting the crop from injury. 

Salicylates-A class of compounds having activity similar to salicylic acid (orthohyd
roxybenzoic acid) which is a plant phenolic. Phenolics are defined as substances that 
possess an aromatic ring bearing a hydroxyl group or its functional derivative. 

Seed-A seed is a ripened ovule, which when shed from the parent plant consists of 
an embryo and a stored food supply, both of which are enclosed in a seed coat or 
covering. 

Seed germination-A series of events which take place when dry quiescent seeds 
imbibe water resulting in an increase in metabolic activity and the initiation of a 
seedling from the embryo. 

Senescence-The general failure of many synthetic reactions that precede cell death 
and is the phase of plant growth which extends from full maturity to death and is 
characterized by chlorophyll, protein, or RNA degradation as well as other factors. 

Short-day plants-Plants which flower only when the dark period is greater then a 
certain critical length. 

Short-Iong-day plants-Plants which flower only when subjected to short days fol
lowed by long days. 

Skotodormancy-Dormancy caused by prolonged darkness. 

Solvent partitioning-A purification step which involves partitioning between an aque-
ous phase and an immiscible organic solvent. 

Spherosomes-Lipid bodies. 

Statocytes-Cells which contain statoliths. 

Statoliths-Greek lithos, stone. Are starch-containing plastids such as amyloplasts or 
chloroplasts which perceive changes in gravity. 

Stimulative parthenocarpy-Requires pollen as the stimulus without subsequent ferti-
lization in order to set fruit, e.g., Black Corinth grape. 

Stolons-Potato tubers are initiated on stolons which are lateral shoots. 

Summer annuals-Plants which do not require low temperatures in order to flower. 

Tbermodormancy-Inhibition caused by high temperatures. 

Thermogenicity-Heat production. 

Thermoinductive-Referring to plants which will flower in response to low tempera
tures. 
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Triple response-A bioassay based on the ability of ethylene to suppress stem elonga
tion, increase radial expansion (lateral expansion), and promote bending or horizontal 
growth in response to gravity. 

Tuber initiation-The process by which the tuber originates just below the stolon tip. 
Vegetative partbenocarpy-Characterized by the development of fruit without pollina

tion, e.g., pineapple and Washington Navel orange. 

Vernalization-Plant species grown in temperate regions which will flower in response 
to low temperature treatments. 

Viable-Referring to the embryo within the seed being alive and capable of germina-
tion. 

Vivipary-A phenomenon of precocious germination before maturity. 
Weed-A plant growing where it is not desired. 
Winter annuals-The cold requirement in this group of plants is facultative, flowering 

will eventually occur without low-temperature treatment, however, its takes longer. 



2,4-D 
2,4-DB 
2,4-DP 
2,4,5-T 
ABA 
AC 94,377 
ACC 
AdoMet 
Alachlor 

Alar 
Alsol 
Amidochlor 

Amitrole 
AMO-1618 

Chemical Names 
and Abbreviations 

(2,4-dichlorophenoxy)acetic acid 
4-(2,4-dichlorophenoxy)butanoic acid 
see Dichloroprop 
2,4,5 -trichlorophenoxyacetic acid 
Abscisic acid 
1-(3 -chlorophthalimido )cyclohexanecarboxamide 
1-aminocyclopropane-l-carboxlic acid 
s-adenosylmethionine 
2-chloro-N-(2,6-diethylphenyl)-N-

(nlethoxyrnethyJ)acetanlide 
see Danlinozide 
(2-chloroethyl)tris (2-nlethoxyethoxy) silane 
N-( acetylanlino )nlethyl-2-chloro-N -(2,6-

diethylphenyl ) acetamide 
1H -1,2,4-triazol-3 -anline 
2 'isopropyl-4' - (trinlethylanlnloniUnl 

chloride )-5' -nlethylphenyl piperidine-I-carboxylate 
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Ancymidol 

AOA 
Atrazine 

AVG 
BA 
BPA 
BAS 111 

Bensulfuron methyl 

Bonzi 
BR 
Brassinolide 

Bromacil 

Bromoxynil 
CCC 
Chloramben 
Chlorflurenol 
Chlormequate chloride 
Cimetacarb 

Oopyralid 
CMP 
Cycocel 
Daminozide 
DCMU 
Dicamba 
Dichlorprop 
Diclofop 

Difenzoquat 
Dikegulac 

Dinoseb 
Diuron 
Droop 
Endothall 
EPTC 
Ethephon 
Ethrel 
Fenoprop 

a-cycloproyl-a-( 4-methoxyphenyl)-5-
pyrimidienemethanol 

aminooxyacetic acid 
6-chloro-N -ethyl-N' - (l-methylethyl )-1,3,5 -triazine-

2,4-diamine 
aminoethoxyvinylglycine 
6 -benzylaminopurine 
6-(benzyulamino)- 9-(2- tetrahydropyranyl )-9H -purine 
I-phenoxy -5,5 -dimethyl-3 -( 1,2,4-triazole -1-yl )hexan-

5-01 
Methyl 2 [[[ [[ 4,6-dimethoxy -2-pyrimidinyl) 

amino] carbonyl] amino] sulfonyl ] methyl ] benzoate 
see Paclobutrazol 
see Brassinosteroids 
2a,3a,22a,23a- tetrahydroxy -24a-methyl- B -homo -7 -

oxa-5a-cholestano-6-one 
5-bromo- 6-methyl-3-( I-methylpropyl)-

2,4( lH,3H)pyrimidinedione 
see Hydroxybenzonitrite bromoxymil 
see Chlormequate chloride 
3-amino-2,5-dichlorobenzoic acid 
2-chloro-9-hydroxy-9H-fluorene-9-carboxylic acid 
2-chloroethyl- trimethyl- ammonium chloride 
4( cyclopropyl-a-hydroxy-methylene )-3,5-

dioxocyclohexane carboxylic acid ethyl ester 
3,6-dichloro-2-pyridinecarboxylic acid 
2-(p-chlorophenoxy)-2-methylpropionic acid 
see Chlormequate chloride 
Butanedioic acid mono-(2,2-dimethylhydrazide) 
see Diuron 
3,6 -dichloro -2-methoxybenzoic acid 
( ± )-2-(2,4 -dichlorophenoxy )propanoic acid 
( ±)-2- [ 4- (2,4-dichlorophenoxy) phenoxy] propanoic 

acid 
1,2-dimethyl-3,5 -diphenyl-lH -pyrazolium 
2,3:4,6,bis-O-( I-methylethylidene)-X -L-xylo-2-

hexulofuranosonic acid 
2-1 (l-methylpropyl)-4,6-dinitrophenol 
N' -(3,4-dichlorophenyl)-N,N-dimethylurea 
see thidiazuron 
7-oxabicyclo(2,2,I)heptane-2,3-dicarboxylic acid 
S-ethyl dipropylcarbamothioate 
(2-chloroethyl)phosphonic acid 
see Ethephon 
(2,4,5 - trichlorophenoxy) propanoic acid 



Fluorene 
Fluorene-9-carboxylic 

acid 
Flurazole 

Fluridone 

Flurprimidol 

GA3 
Glyphosate 
Hydroxybenzonitrite 

bromoxymil 
IAA 
IAAld 
rnA 
Imazapyr 

Imazethapyr 

Inabenfide 
IPA 
JA 
Kinetin 
lAB 150978 

MAA 
Maleic hydrazide 
MCPA 
MCPB 
MCPP 
Mecoprop 
Mefluidide 

Mepiquate chloride 
Metribuzin 

MTA 
MTR 
NAA 
NOA 
Norflurazon 

Oryzalin 
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Fluorene 
Fluorene-9-carboxylic acid 

phenylmethyl 2-chloro-4-(trifluoromethyl)-5-
thiazolecarboxylate 

I-methyl-3-phenyl-5 - [3-( trifluoromethyl ) phenyl ]-
4( 1H)-pyridinone 

a-(I-methylethyl )-a-( 4-trifluoromethoxyphenyl)-5-
pyrimidine methanol 

Gibberellic acid 
N -(phosphonomethyl) glycine 
3,5-dibromo-4-hydroxybenxonitrile 

Indole-3-acetic acid 
Indole-3-aldehyde 
Indole-3-butryic acid 
(±)-2- [ 4,5-dihydro-4-methyl-4-(I-methylethyl )-5-

oxo-lH -imidazol-2-yl] -3 -pyridinecarboxylic acid 
(± )-2- [ 4,5-dihydro-4-methyl-4-(I-methylethyl )-5-

oxo-lH-imidazol-2-yl] -5 -ethyl-3-pyridinecarboxylic 
acid 

4-chloro-2- ( a-hydroxybenzyl )isonicotinanilide 
isopentenyladenine 
Jasmonic acid 
6-furfurylaminopurine 
1-( 4-trifluro-methyl )-2-(1,2,4-triazolyl(1 )-3-( 5-

methyl-l,3-dioxan-5 -yl )-propen -3-01 
methylarsonic acid 
1,2-dihydro-3,6-pyridazinedione 
(4-chloro-2-methylphenoxy ) acetic acid 
( 4-chloro-2-methylphenoxy) butanoic acid 
see Mecoprop 
( ±)-2-4( -chloro-2 -methylphenoxy ) propanoic acid 
N- [2,4-dimethyl-5- [[ (trifluoromethyl )sulfonyl] amino] 

phenyl] acetamide 
(1,I-dimethyl-piperidiumium chloride 
4-amino-6-( 1,I-dimethylethyl )-3-( methylthio )-1,2,4-

triazin-5(4ll)-one 
methyl thioadenosine 
methyl thioribose 
1-naphthalene acetic acid 
naphthoxyacetic acid 
4-chloro-5-(methylamino )-2-(3-

(trifluoromethyl)phenyl)-3(2H)-pyridazinone 
4- ( dipropylamino ) -3,5 -dinitrobenzenesulfonamide 
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Oxyfluorfen 

Paclobutrazol 

Paraquat 
PhosphonD 
Pichloram 
Piperidium bromide 
PP333 
Prohexadione calcium 
Propanil 
Propham 
Pyrazon 
SA 
SADH 
Salicylic acid 
Sethoxydim 

Sevin 
Silaid 
Silvex 
Simazine 
STS 
Tetcyclacis 

TlBA 
Tordon 
Triclopyr 
Triapenthenol 

Uniconazole 

Zeatin 

2-chloro-l-(3-ethoxy -4-nitrophenoxy )-4-
(trifluoromethyl) benzene 

1-( 4-chlorophenyl )-4,4-dimethyl-2-( 1H -1,2,4- triazol-
l-yl)pentan-3-ol 

1,1' -dimethyl-4-4' -bibyridinium ion 
tributyl (2,4-dichlorobenzyl ) phosphonium clhoride 
4-amino-3,5,6- trichloropicolinic acid 
l-allyl-l,3,7 -dimethyloctyl)-piperidium bromide 
see Paclobutrazol 
Calcium 3,5 -dioxo-4-propionylcyclohexanecarboxylate 
N -(3,4-dichlorophenyl )propanamide 
I-methylethyl phenylcarbamate 
5-amino-4-chloro-2-phenyl-3(2H)-pyridazinone 
see Salicylic acid 
see Daminozide 
orthohyroxybenzoic acid 
2- [1-( ethoxyimino )butyl]-5- [2-( ethylthio ) propyl ]-3-

hydroxy -2-cyclohexen -I-one 
1-naphthyl N -methylcarbamate 
(2-chloroethyl )methylbis(phenylmethoxy ) silane 
(2,4,5 -trichlorophenoxy )propanoic acid 
6-chloro-N,N' -diethyl-l,3,5-triazine-2,4-diamine 
silver thiosulfate 
5 -( 4 -chlorophenyl)-3,4,5,9,10-pentaza -tetra -cyclo-

5,4,1O-O-doceca-3,9-diene 
2,3,5-triiodobenzoic acid 
see Pichloram 
[(3,5,6-trichloro-2-pyridinyl)oxy]acetic acid 
(E )-(RS)-I-cyclohexyl-4,4-dimethyl-2-( 1H -1,2,4-

triazole-l-yl)pent-l-en-3-ol 
(E-l-( 4-chlorophenyl )-4,4-dimethyl-2-( 1,2,4-triazol-l

yl)penten-3-ol 
6-( 4-hydroxy-3-methyl-trans-2-butenyl-amino )purine 
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2,4,5-T 51, 52, 277 
2,4-D50,51, 277, 278, 280, 282,283,286 
2,4-DB 282 
24-Epibrassinolide 85, 263 
a-amylase 64, 66, 109 
ABA see Abscisic acid 
Abiotic 196, 242 
Abscisic acid 9, 91, 113-114, 118, 135, 

155-156, 165, 168, 171, 183, 194-
195, 197, 203, 227, 230, 231, 243-
244 

Bioassays 35 
Biological effects 18, 69-71 

Abscission 73 
Dormancy 71 
Germination 73 
Salt and temperature stress 71 
Stomatal closure 69 

Biosynthesis 69 
Definition 18 
Historical aspects 9 
Natural occurrence 18 
Sites of synthesis 18 
Structure 18 
Synthetic forms 19 

Abscission 73, 79, 91, 167, 188, 215 
Delaying 197 
Effects of temperature, oxygen, and nu

tritional factors 191 
Ethylene and auxins 193 
Gibberellins 195 

Abscission zone 190-191, 196 
ACC 73-76, 77-78, 82, 84, 173-174, 192, 

213 
ACC N-malonyltransferase 73, 76, 78, 

174, 214 

323 
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ACC oxidase 73, 74, 76, 77, 172, 213 
ACC synthase 73, 74, 76, 77, 84, 85, 86, 

94, 173, 174, 213 
Acetylsalicylic acid 12 
Achene 57, 205 
Acid-growth hypothesis 53 
Acropetal 57, 280, 299 
Acylanilide 289, 292 
AdoMet 73 
Adventitious rooting 34, 127, 162 
Agent Orange 51 
Aging 166 
Agricultural abscission 196 
Agrobacterium 137, 233 
Alachlor 292, 295, 302 
Alar 214, 232 
Aliphatic acid 277 
Alphachloroacetamides 292, 295 
Alternating temperatures 117 
Amidochlor 249, 251 
Amino acids 49, 68, 295, 297, 305, 306 
Aminoethoxyvinylglycine 173, 195, 196, 

212 
Aminooxyacetic acid 84, 173, 196,212 
Amitrole 293, 297, 303 
Ammonium sulphate 39 
AMO-1618241 
Ancymidol 135, 242 
Anoxia 196 
Anti-gibberellins 15, 135 
Antibody 37-38 
Antidotes 302 
Antiecdysteroids 85 
Antioxidant 29, 244 
Antisense 173,213, 214 
AOA see aminooxyacetic acid 
Apical dominance 54, 68, 80, 247 
Apical meristems 161, 165,263 
Aquatic 286 
Aspirin 12 
Atrazine 283 
Autocatalytic ethylene 76, 212 
Autolysis 49 
Auxenolenic acid 7 
Auxentriolic acid 7 

Auxin 7, 76, 82, 85, 131-133, 136, 137, 
139-140, 157, 170, 171, 172, 180-
181, 192, 193, 194, 195, 202, 203-
206, 214, 230, 277, 286, 303 

Bioassays 33-34 
Biological effects 15, 53-57 

Apical dominance 54 
Cellular elongation 53 
Ethylene production 57 
Fruit growth 57 
Geotropism 54 
Phototropism 53-54 
Root 56 
Transport 57 

Biosynthesis 47-49 
Definition 15 
Destruction 50 
Herbicides 277-284 
Historical aspects 3-12 
Natural occurrence 15 
Sites of synthesis 15 
Structure 15 
Synthetic forms 16 

Auxin anion carrier 61 
Auxin-Talcum 140-142 
Avena curvature test 5 
A VG see Aminoethoxyvinylglycine 
~-amylase 109 
BA 18, 209 
Bakanae 7 
BAS 244 
Basipetal 33, 57, 280, 299 
Bensulfuron methyl 295 
Benzoic acids 51 
Benzyladenine 258 
Bieleski medium 31 
Biennial plants 179 
Bioassays 32, 36 
Biological 275 
Biotic 196, 242 
BipyridyUiums 293, 302 
Bolting 64, 183 
Bound auxin 49 
BPA 18,209 
Branch abscission 189 



Brassinolide 11, 19, 115 
Brassinosteroid 19-20, 81-87, 136, 183, 

263 
Applications 86 
Bioassays 35-36 
Biological effects 20, 86 

Antiecdysteroid 85 
Ethylene biosynthesis 84 
Other bioassays 83 
Root growth 84 
Shoot elongation 84 

Biosynthesis 81 
Definitions 19 
Historical aspects 10-11 
Natural occurrence 19 
Nucleic acid 85 
Sites of synthesis 20 
Structure 81 
Synthetic forms 20 
Transport 81 

Brassins 11, 19 
Broadleaf 51, 276, 282, 284 
Bromacil 289 
Bromoxynil 287, 288 
Bud break 68 
Bud dormancy 151-153 
Butylated hydroxy toluene 29 
Callus 128, 303 
Calorigen 89 
Calyx 209, 215 
Capillary gas chromatography 36 
Carbamates 211, 292 
Carbamothioates 293, 299 
CCC 231,232,251 
Cell division 67 
Cellulases 190 
Chemical 275 
Chemical dormancy 149 
Chemiosmotic hypothesis 58 
Chloramben 284 
Chlorate 303 
Chlorflurenol 247 
Chlormequate chloride 129, 241 
Chlorophenoxyacetic acids 51 
Chlorsulfuron 303, 305 

Cholodny-Went Theory 53 
Cimetacarb 250 
Climacteric 77, 212 
Clopyralid 284 
CO2 230-231, 257, 258, 260 
Coconut milk 8 
Coleoptile 3, 53, 113, 293 
Coleorhiza 113 
Competitive antagonists 239 
Conjugates 87, 139, 202, 291 
Control 274 
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Cool-temperature requiring 117 
Cool-temperature tolerant 117 
Cotylenin 115 
Coumarins 157, 232 
Cultural 275 
Cuttings 139, 256, 260 
Cyclohexanediones 293, 299 
Cyometronil 302 
Cytochrome P-450 243, 244 
Cytokinin 82, 114, 115, 118, 133, 137, 

156, 167-170, 171, 172, 181, 194, 
195, 203, 208-209, 214, 223, 226-
227, 228, 244, 259-260, 303 

Bioassays 34 
Biological effects 18, 67-69 

Bud and shoot development 68 
Cell division 67 
Germination 67 
Root initiation 67 
Senescence 68 
Translocation of nutrients 68 

Biosynthesis 66 
Definition 17 
Degradation 66 
Historical aspects 8-9 
Natural occurrence 17 
Sites of synthesis 17 
Structure 17 
Synthetic forms 18 

Daminozide 135, 214, 250, 251 
Day-neutral 178 
Daylength 178 
DCMU 289 
de novo 66, 108 
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Deciduous 189 
Defoliants 197 
Defoliation 215 
Density labeling 66 
Deoxyribonucleic acid 8 
Desiccants 197 
Detoxification 49 
Dextran coated charcoal 39 
Dicamba 282-283 
Dichlorprop 282 
Diclofop 293, 299-301 
Difenzoquat 292, 293-295 
Diffusion method 29 
Dikegulac 247 
Dilute-solution soaking 142 
Dinitroanilines 292, 293 
Dinoseb 288 
Dioecious 184 
Dioxin 51, 277 
Diphenylethers 293 
Disease resistance 89 
Distal 130, 193 
Diuron 289 
Dormancy 71, 80, 91, 147-158 

Abscisic acid 155 
Cytokinins 156 
Environmental factors 157 
Ethylene 156 
Germination or bud break 153 
Gibberellins 156 
Induction 153 
Light 158 
Maintenance 153 
Trigger 153 

Dose-response 45 
Double dormancy 150 
Dwarf 64 
Ecodormancy 148 
Electrochemical detection 37 
Endodormancy 148 
Endogenous 67, 147 
Enzymatic oxidation 50 
Enzyme linked irnmunosorbent assay 32, 

38 
Enzymolysis 49 

Epicotyl 111 
Epigeous 111 
Epinasty 35, 80, 81, 95, 262, 277, 280, 

284 
EPTC 293, 299 
Eradication 275 
Ethephon 19, 115, 196, 210, 212, 248, 

251,263 
Ethrel 19, 80, 215, 232 
Ethylene 57, 73-80, 84, 91, 115, 135-136, 

156, 168, 170, 171, 172, 173, 180, 
185, 190, 192, 193-194, 195, 197, 
203, 210, 212, 213, 215, 227, 230, 
244, 248, 262-263, 280 

Bioassays 35 
Biological effects 19, 77-80 

Abscission 79 
Fruit ripening 77 
Others 80 
Seedling growth 78-79 
Senescence 80 

Biosynthesis 73-76 
Definition 19 
Historical aspects 10 
Natural occurrence 19 
Quantification 36-37 
Sites of synthesis 19 
Stress ethylene 77 
Structure 19 
Synthetic forms 19 

Ethylene action 173 
Excision 13 
Exogenous 67, 147 
Extraction 29-31 
Fertilization 200 
Florigen 178, 227 
Flower abscission 194 
Flower development 178 
Flower formation 177 
Flower initiation 177, 180 
Flower promotion and inhibition 180-183 
Flowering 64, 80, 87, 161, 164, 177-186, 

189,233 
Molecular biology 185-186 
Photoperiodism 178-179 



Vernalization 179 
Fluid drilling 119-120 
Fluorene 247 
Fluorene-9-carboxylic acid 247 
Fluorirnetric detection 37 
Flurazole 302 
Fluridone 155, 293, 299 
Flurprirnidol 135, 243, 251, 287 
Free auxin 49 
Fruit 189, 200 
Fruit abscission 215 
Fruit drop 214 
Fruit formation 233 
Fruit growth 57 

Auxins 203-206 
Cytokinins 208-209 
Gibberellins 206-208 

Fruit ripening 212-214 
Fruit set 202-203 

Abscisic acid 202 
Auxins 202 
Cytokinins 203 
Ethylene 203 
Gibberellins 202 

Fruitlet abscission 252 
Fungicides 142 
Fusaric acid 7-8 
Fusicoccin 84, 115 
GA see Gibberellin 
Gas chromatography 10, 36 
Gas Chromatography-Mass Spectrometry 

36 
Gas exchange 117 
GC 36, 42 
Gel 120, 140, 255 
Generality 13 
Geotropism 54 
Germination 67, 73, 80, 85, 91, 104-120, 

147,293 
Abscisic acid 113 
Aeration 117 
Carbohydrates 109 
Cytokinins 114 
Enzyme systems 108 
Ethylene 115 

Fluid drilling 119 
Gibberellins 113 
Infusion 119 
Light 117-118 
Lipids 109 
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Metabolism of storage products 108-
110 

Osmotic priming 119 
Phase 1-3 105-106 
Phosphorous compounds 110 
Proteins 109 
Respiration 107 
Soaking 119 
Temperature 116-117 
Water 105-106, 116 

Gibberellin 83, 113, 115, 118, 120, 133-
135, 151, 156, 165, 168, 170-171, 
172, 181, 195, 202, 206-208, 209, 
212, 214, 228, 234, 241-244, 247-
250, 277, 286-287 

Bioassays 32-36 
Biological effects 16, 63-66 

Bolting and flowering 64 
Dormancy 64 
Dwarfism 64 
Germination 64 
Growth 63 

Biosynthesis 61 
Definition 16 
Historical aspects 7-8 
Natural occurrence 16 
Sites of biosynthesis 16 
Structure 16 
Synthetic forms 16 

Glucobrassicin 49 
Glucosides 49, 61, 66-67, 87 
Glyphosate 293, 296, 297,303,305 
Gonadotropins 135 
Grapes 252 
Grasses 282, 286 
Gravity 54, 80 
Growth 78 
Growth retardants 135 

Bedding plants 250 
Cereals and grain crops 251 
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Compounds not inhibiting GA biosynth-
esis 247-250 

Decidious fruit and nut trees 251 
Floricultural crops 250 
Nursery crops 251 
Onium 241 
Pyrimidines 242-243 
Triazoles 243-244 
Turfgrass 251 
Vegetable crops, 251 

GTP-binding proteins 71 
Guard cell 71 
Gummosis SO, 215 
Hairy root disease 137 
Herbicides 274, 276 

Genetic engineering 302-306 
Gibberellin synthesis inhibitors 286 
Inhibitors of biosynthetic processes 

287-302 
Phenoxy acids 277-282 
Photosynthetic inhibitors 288, 292 
Pyridines 284-286 
Respiration inhibitors 287-288 

High performance liquid chromatography 
36, 37 

Hill reaction 289 
HormoriaI theory 2, 223, 226 
Hormone 2, 45 
Hybridoma 38 
Hydrolysis 49, 106 
Hydroxybenzonitriles 287 
Hydroxysimazine 291 
Hypersensitive reaction 89 
Hypobaric 196, 212 
Hypocotyll11 
Hypogeous 111 
IAA see Auxin 
IAA oxidase 50, 51, 137, 139, 192, 202 
Imazapyr 293, 295, 303, 305 
Imazethapyr 297 
Imidazolinones 292, 295, 297, 306 
Immobilized antibody assay 39 
Immobilized antigen assay 39 
Immunoassay 32, 37-42, 71, 108 
Immunoprecipitation 39 

in vacuo 31 
in vitro 228, 230 
Inabenfide 61, 244 
Indole 51 
Indole-3-acetaldehyde 49 
Indole-3-acetic acid 131, 227, 244 
Indole-3-acetonitrile 49 
Indole-3-butyric acid 131 
Indole-3-ethanol 49 
Indole-3-pyruvic acid 49 
Infusion 119 
Instron 84 
Isolation 13 
Isopentenyl AMP synthase 68 
Isopentenyl pyrophosphate 66, 69 
Isopentenyladenosine 259 
Jasmonate 12, 183, 195-196, 230, 263 

Biological effects 22 
Biosynthesis 91 
DefInition 21 
Gene expression 94 
Historical aspects 12 
Natural occurrence 21 
Sites of synthesis 22 
Structure 21 
Synthetic forms 22 
Systemic signal 95 

Jasmonic acid see Jasmonate 
Juvenility 161-174 

Leaf form 162 
Modifying 164 
Stem 162 

Kinetin 8, 67, 87, 168, 257, 258 
L-phospbinotbricin 305, 306 
LAB 150 978 244 
Latent root initials 128 
Light 117-118, 137, 151, 166 
Linolenic acid 91, 95 
Lipases 109 
Lipids 67, 109 
Lipoxidase 109 
Liquid Chromatography-Mass Spec

trometry 37 
Long-day plants 178 
Long-short-day plants 178 



Lymphocyte 38 
Maleic hydrazide 248, 251 
Malonyl-ACC 73 
Mass spectrometry 42 
Matric potential 105 
Maturation 165, 180 
Maximum temperature 117 
MCPA 277, 280, 282 
MCPB 282 
Mechanical 275 
Mechanical Dormancy 149 
Mecoprop 282 
Mefluidide 248, 251 
Mepiquate chloride 241 
Methionine 73 
Methyl jasmonate 95, 171-172, 195 
Methylarsonic acid 287 
Metolachlor 303 
Metribuzin 292 
Mevalonic acid pathway 61, 66, 69 
Minimum temperature 117 
Monoclonal antibody 37, 38, 61 
Monoecious 184 
Morphactins 135, 247 
Morphological dormancy 149 
Myeloma 38 
NAA 51, 197, 210, 214 
Naphthoxyacetic acids 51 
Negative curvature 5 
Negative geotropism 54 
Non-climacteric 77,212 
Non-decarboxylation oxidative pathway 

50 
Norbornadiene 196 
Norflurazon 293, 298 
Nucleic acids 110, 167 
Nutrients 14, 69, 151, 166, 232 
Nutrition 139, 196, 197 
Nutritional theory 2, 192, 223 
Onium 61, 241-242 
Optimum temperature 117 
Ortho-hydroxybenzoic acid 20 
Orthophosphate 110 
Oryzalin 292, 293 
Osmotic potential 105, 110 

Index 329 

Osmotic priming 119 
Oxidative decarboxylation pathway 50 
Oxyfluorfen 293, 301-302 
Oxygen 117 
Paclobutrazol 135, 243, 250, 251, 252, 

287 
Paradormancy 148 
Paraquat 196, 293, 302 
Parthenocarpy 202, 206 
Pathogenesis related (PR) proteins 89 
Pectinases 190 
Peptide 45 
Perennial plants 179 
PESIGS 13, 167 
Pesticide 274 
Phenolics 20, 137 
Phenols 288 
Phosphon D 241 
Photodormancy 150, 151, 158 
Photooxidation 50 
Photoperiod 158, 178-179, 184, 189, 224, 

226,233 
Photosynthesis 71, 80, 105, 107, 139, 167, 

192,240,242,243,254,277,287, 
288,289 

Abscisic acid 260-261 
Cytokinins 257-260 
Gibberellins 252-257 
Indole-3-acetic acid 261-262 
Other 262-263 

Phototropism 53-54 
Physical dormancy 148 
Physiochemical methods 32, 36 
Physiological dormancy 150 
Physiological embryo dormancy 150 
Phytase 110 
Phytin 110 
Phytochrome 67, 115, 117, 158, 178 
Phytohormone 3 
Picloram 284, 303 
Picolinic acids 51 
Piperidium bromide 242 
Plant growth regulator 14 
Plant growth retardant 14 
Plant growth retardants 14, 241-244 
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Plant growth substance 14 
Plumule 111 
Polarity 130 
Pollination 200 
Polyamines 227, 231, 232 
Polyclonal antiserum 38 
Polygalacturonase 213 
Positive geotropism 54 
Postemergence 280, 282, 287, 289, 292, 

305 
Potassium nitrate 115 
Potato tuber 224 
Pre-harvest drop 214 
Pre-harvest spray 214 
Preemergence 289, 292 
Premature senescence 195 
Presence/parallel variation 13 
Pressure potential 105 
Prevention 274 
Primary meristems 129 
Prohexadione calcium 61, 244 
Propanil 292 
Propham 293 
Protectants 302 
Protein bodies 109 
Proximal 130, 193 
Pyrazon 292 
Pyridazinones 289, 292, 293, 298 
Pyridine 284 
Pyrimidine 61, 242-243, 286 
Quantification of plant growth substances 

32-42 
Quick-Dip 140 
Quiescence 147, 151 
Radioimmunoassays 32, 38 
Receptors 28, 45 
Rejuvenation 164 
Relative growth rate 254 
Respiration 77, 80, 105, 107, 190, 197, 

260, 277, 287 
Rest 147, 151 
Rhizocaline 131 
Rhizomes 224, 280 
Ripening 76, 77-78, 91,173,212-214 
Root inducing 132, 136, 137 

Root initials 128 
Root initiation 67-68 
Root primordia 128 
Rooting 127-143 

Auxins 131-133 
Brassinosteroids 136 
Co-factors and endogenous inhibitors 

137 
Cuttings 128-130 
Cytokinins 133 
Effects of buds and leaves 136 
Ethylene 135 
Genetic transformation 137 
Gibberellins 133 
Growth 137-139 
Handling of cuttings 139 
Nutrition 142 
Polarity 130 
Preformed 128 
Root cuttings 129-130 
Stems 127-128 
Wound-induced 128 

Round-up 305 
Rubisco 253, 258, 260, 262 
Rudimentary embryo 149 
Safeners 302 
Salicylate 12, 183, 230, 263, 282 

Biological effects 21, 87-91 
Disease resistance 89 
Flowering 87 
Thermogenicity 89 

Biosynthesis 87 
Definition 20 
Historical aspects 12 
Natural occurrence 21 
Sites of synthesis 21 
Synthetic forms 21 
Transport 87 

Salicylic acid see Salicylate 
Secondary meristems 129 
Secondary seed dormancy 150-151 
Seed 104 
Seed germination 104 
Senescence 68-69, 73, 80, 91, 165-174, 

195, 196 



Auxins 170 
Cytokinins 167-170 
Ethylene, abscisic acid and methyl Jas

monate 171-172 
Gibberellins 170-171 

Sensitivity 132 
Sesquiterpene 69 
Sethoxydim 293, 137 
Sex expression 183, 184 

Auxin 184 
Gibberellins 184 

Shikimic acid pathway 87, 297 
Short-day plants 178 
Short-long-day plants 178 
Signal transduction 71, 178, 179 
Silver thiosulfate 173, 196 
Simazine 289 
Skotodormancy 151, 158 
Soaking 119 
Solid-liquid extraction 32 
Solvent extraction 29-31 
Solvent partitioning 31 
Somaclonal variation 303 
Specificity 13 
Spherosomes 109 
Statocytes 54 
Statolith 54 
Stem/inflorescence growth 183 
Steroid 45 
Sterol 243, 244 
Stimulative parthenocarpy 202 
Stolons 224 
Stoma 69, 71, 257, 260, 262 
Strawberry 57 
Stress 69, 71, 77, 85, 86, 116, 138, 166, 

194,197,242,244,260 
Strigol115 
Substitution 13 
Sulfometuron methyl 303, 305 
Sulfonylureas 292, 295, 305 
Summer annuals 179 
Temperature 151, 157, 166, 178, 179, 184, 

191, 223, 224, 226, 233, 242 
Terpenoids 61 
Tetcyclacis 61, 244 

Thermodormant 120, 150 
Thermogenicity 21, 91 
Thermoinductive 179 
Thidiazuron 197 
Thigmomorphogenesis 80 
Thinning 209-212 
Thiourea 115, 157 
TIBA 130 
Tissue preparation 29 
Transgenic 68, 77, 259 
Transpiration 139, 242, 260 
Transplanting shock 259, 261 
Tree growth 251 
Triapenthenol 244 
Triazines 289 
Triazinone 292 
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Triazoles 61, 135, 243-244, 252, 287 
Triclopyr 284 
Triple response 10, 35, 78 
Tryptamine 50 
Tryptophan 49 
Tuber initiation 224 
Tuberization 224 

Cytokinins 226-227, 228-230 
Gibberellins 226, 228 
Inhibitors 227 
Molecular studies 233 
Salicylates and jasmonates 230 
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