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The Meaning of a Plant Hormone
Plant hormones are a group of naturally occurring, organic 
substances which influence physiological processes at low 
concentrations.
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A number of biological processes in plants are affected by 
internal and external stimuli through the involvement of plant 
hormones.

Biosynthesis of plant hormones can occur at different
morphological and cytological locations, and their actions
may be observed at their sites of production, or they may
get translocated to some distant target tissues to evoke a
response.

Generally, plant hormones are produced in meristems,
leaves, and developing fruits.

Different plant hormones can cause opposite effects on a 
particular developmental process at varying
concentrations.
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Antagonistic and synergistic interactions among various plant 
hormones further add to the complexity of hormonal actions in 
higher plants.

Different hormones are able to influence the biosynthesis of 
some other hormones or may interfere with their signaling 
mechanisms.

A hormone can evoke different responses in different tissues 
or at different times of development in the same tissue.

Different tissues require varying amounts of hormones of 
specific kinds for their development. Such differences are 
referred to as differences in sensitivity.



11

PGRs are a broader category of compounds which include plant hormones,

their synthetic analogs, inhibitors of hormone biosynthesis, and blockers of

hormone receptors. Precisely, plant growth regulators (PGRs) may be

defined as naturally occurring or synthetic compounds which affect 

metabolic and developmental processes in higher plants, mostly at low

concentrations. PGRs do not possess any  nutritive or phytotoxic value.

Plant Growth Regulators (PGRs)

“True” PGRs are compounds which directly and specifically interfere with the actions of
naturally occurring hormonal systems in higher plants. “Atypical” PGRs, however, act by 
bringing about a local or transient phytotoxic effect.
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Principal PGRs modulating plant development can be grouped into four categories

PGRs derived from isoprenoid pathway, starting from isopentenyl
diphosphate. This includes cytokinins, gibberellins, brassinosteroids, abscisic
acid, and strigolactones.

PGRs derived from amino acids, viz., indole-3-acetic acid (IAA), serotonin and melatonin, 
derived from tryptophan; ethylene derived from methionine, and polyamines derived 
from arginine or ornithine; nitric oxide derived from arginine, salicylic acid (SA), .

PGRs derived from lipids, e.g., jasmonic acid derived from α-linolenic acid.

Others (of varied nature). It includes hydrogen sulfide (H2S), nitric oxide, carbon monoxide (CO), 
karrikins, and systemins.



REGULATORY FACTORS IN HORMONE ACTION:

LEVEL, LOCATION AND SIGNAL TRANSDUCTION

The way in which a plant hormone influences growth and development

depends on:

1) The amount present: this is regulated by biosynthesis, degradation and

conjugation.

2) The location of the hormone: this is affected by movement or transport.

3) The sensitivity (or responsiveness) of the tissue: this involves the

presence of receptors and signal-transduction chain components.
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FIGURE 17.1 Structures of representatives from
the 10 types of plant hormones discussed in this
chapter.
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Gibberellins (GAs) were first isolated from the fungus Gibberella fujikuroi in 1926 by
the Japanese scientist Eiichi Kurosawa, who was investigating the causative agent of
bakanae, the “foolish seedling” disease of Oryza sativa, which was frequently
responsible for major reductions in grain yield.

The compounds proved to be identical, and the structure of gibberellic

acid, now known as GA3, was elucidated in 1956. Shortly thereafter,

GAs were shown to be endogenous components of plants, and it

became apparent that they were not merely an interesting

group of fungal metabolites but endogenous regulators of many

aspects of higher plant growth and development.
15



1.1 Among more than 100 GAs identified from 
plants, only a few act as bioactive hormones

• Among more than 100 GAs identified from plants, only a few 
function as bioactive hormones.

• Many nonbioactive GAs present in plants are biosynthetic 
precursors of bioactive forms or are inactivated metabolites.

• The most commonly found bioactive GAs in plants are GA1 and 
GA4.
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GA1 and GA4, both have a hydroxyl group on c‐3β, a carboxyl group on c‐6, 
and a γ‐lactone between c‐4 and c‐10.

The recent identification of a soluble GA receptor, GIBBERELLIN INSENSITIVE 
DWARF 1 (GID1), from O. sativa and its homologs in Arabidopsis and Hordeum
vulgare has demonstrated that these structural requirements for bioactive GAs 
are reflected in their affinity for the GID1 receptor.

GA3 and GA7, 1,2‐double bond analogs of GA1 and GA4, respectively, are also 
active per se in plants.
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1.2 Bioactive GAs affect many aspects of plant 
growth and development

• GAs are best known for their influence on:

stem elongation       and leaf growth
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Young rice plants growing in deep water show pronounced effect of gibberellin on internode
elongation so that its foliage may remain above water in the field. Striking growth rates, as
much as 25 cm per day, have been observed in rice plants under flooding conditions.

Partial submergence of rice plants is believed to reduce partial pressure of O2which triggers
the biosynthesis of ethylene precursor ACC. ACC transported to the aerial parts gets
converted to ethylene. Ethylene, in turn, reduces the level of ABA which acts as an
antagonist to GA. Submerged rice tissue thus becomes more responsive (enhanced
sensitivity) to endogenous GA, resulting in marked elongation of internodes.



• Effects

Stem growth
Bolting in long day plants
Induction of seed germination
Enzyme production during germination
Fruit setting and growth
Induction of maleness in dioecious flowers
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XYLOGENESIS AND CELLULOSE PRODUCTION
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GA promotes cambial activity and xylogenesis in trees through the induction of cellulose
synthase genes and phenylalanine ammonia lyase (PAL) activity involved in xylem
development. The xylogenesis-promoting effect of GA is prevalent both in woody and
nonwoody (e.g., carrot, celery) species.
دانشمند
TRICHROME EMERGENCE

The development of trichomes, which are modified single cell epidermal protrusions, is 
modulated by GA. Activity of GA is also required for cotton fiber elongation.

Reproductive Development

 Gibberellins can substitute for long day or low temperature requirement for flowering in many plants.
Thus, it is a component of flowering stimulus.

 In plants where flowers are unisexual, sex determination is regulated genetically as well as by
environment and nutritional status. For example, in maize plants staminate flowers are observed in
tassel. Exposure to short days and cool nights increases endogenous gibberellin levels and causes
feminization of tassel flowers. On the other hand, in dicots, like cucumber and spinach, gibberellins have
an opposite effect, i.e., they promote formation of staminate flowers.

 Further, stamens and/or flower receptacles have been identified as two potential sites for bioactive GA
synthesis. It is suggested that GAs are transported from these organs to promote petal growth.

 GAs also play a very important role in pollen germination and pollen tube growth. Pollens in GA deficient
mutants do not germinate unless treated with exogenous GA.



1.3 GA biosynthesis starts in the plastid

• The initial steps in biosynthesis of GAs involve formation of

isopentenyl diphosphate and its conversion to geranylgeranyl

diphosphate (GGDP), a common precursor for various terpenoids, 
such as carotenoids and phytol.
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The methylerythritol 4-phosphate (MEP- The non-mevalonate pathway) pathway is the recently discovered
source of isoprenoid precursors isopentenyl diphosphate (IDP) and dimethylallyl diphosphate (DMADP) in most
bacteria, some eukaryotic parasites, and the plastids of plant cells. The precursors lead to the formation of
various isoprenoids having diverse roles in different biological processes. Some isoprenoids have important
commercial uses. the glyceraldehyde 3-phosphate (GAP)–pyruvate pathway are alternative routes for the
biosynthesis of the central isoprenoid precursor, isopentenyl diphosphate.



25methylerythritol phosphate (MEP) pathway in plastids provides the majority of isopentenyl
diphosphate to GAs, whereas only a minor contribution is from the cytosolic mevalonate pathway.



1.4 In plants, the synthesis of ent‐kaurene from 
geranylgeranyl diphosphate is catalyzed by two
distinct enzymes
1.5 Cytochrome P450 monooxygenases convert 
ent‐kaurene to GA12

ent‐Kaurene is oxidized to GA12 by NADPH‐dependent, 
membrane‐bound CYP450 monooxygenases: ent‐kaurene oxidase (KO, 
CYP701A) and ent‐kaurenoic acid oxidase (KAO, CYP88A).

• KO catalyzes the three‐step oxidation on C‐19 to synthesize ent‐kaurenoic
acid.
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The 
nitrogen‐containing 
heterocyclic 
compounds

paclobutrazol, 
uniconazole, 
tetcyclasis, and 
ancymidol

retard plant growth 
by inhibiting KO.
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MODE OF ACTION
• Gibberellin signal transduction with reference to stimulation of α-amylase 

synthesis in cereal aleurone layers has been extensively worked out to 
understand mode of GA action.
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During seed germination, food stored in the endosperm is broken down and transported to the
growing embryo by the activity of α and β amylases.

Main function of the aleurone layer is the synthesis and release of hydrolytic enzymes. Cells of the
aleurone layer undergo programmed cell death thereafter.

When de-embryonated half seeds of barley are kept close to the excised
embryo, they trigger the release of α-amylase, and starch is digested. GA3

is known to substitute for embryos in stimulating starch degradation. It
exerts its effect by enhancing the transcription of α-amylase mRNA.

Radioactive isotope-labeling studies have demonstrated that the stimulation of α-amylase activity by 
gibberellin involves de novo synthesis of the enzyme from amino acids rather than activation of pre-
existing enzymes.

The stimulation of α-amylase gene expression by gibberellins is mediated by a special transcription
factor which binds to the promoter region of α-amylase gene. Certain regulatory DNA sequences
(gibberellin response elements) have been identified in the promoters that are involved in binding the
protein.
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Synthesis of GA-MγB mRNA in the aleurone cells increases within 3 h of GA3 application.

This happens to be several hours before the increase in α-amylase mRNA level.

Protein synthesis inhibitors have no effect on MγB mRNA production.

Thus, GA-MγB is a primary response gene or early gene.

α-amylase gene is a secondary response gene or late gene, as its transcription is blocked by protein synthesis 
inhibitors, like cycloheximide (CHI).
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ubiquitin 
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substrate 
protein



1.6 Conversion of GA12 to bioactive GAs 
involves two pathways: one in which c‐13 is 
hydroxylated early, and one in which c‐13 is not 
hydroxylated
1.7 Bioactive GAs are rendered inactive via multiple 
metabolic routes in plants

• The best‐characterized inactivation reaction is oxidation on C‐2, catalyzed by GA 
2‐oxidase.

• The Eui gene encodes a CYP450 monooxygenase, CYP714D1, which inactivates 
GAs by epoxidation of the 16,17‐double bond of various GAs, including GA4, 
GA9, and GA12.

• methylation of GAs is a common inactivation reaction in other plants.
• GAs can be converted into conjugates in plants. Conjugation of GAs to glucose34
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1.8 There are remarkable differences in GA 
biosynthesis pathways and enzymes between plants 
and fungi

1.9 Some enzymes that participate in GA biosynthesis 
are feedback‐regulated

• The concentration of bioactive GAs in plants is under homeostatic 
control via feedback regulation.

• The effect of GA concentration is targeted to late biosynthesis 
enzymes, GA 20‐oxidase and GA 3‐oxidase, and the GA inactivating 
enzyme, GA 2‐oxidase. 36
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1.10 GA Mediates light‐induced germination 
of lettuce seeds

• Evidence suggests that in some cases, bioactive GAs function 
as key mediators between perception of environmental signals 
And the resulting growth responses.

• A clear link between GA metabolism and phytochrome has been 
established in the case of red light (RL)‐induced germination.

• Following a pulse of RL, germination is preceded by elevated 
GA 3‐oxidase expression and an increase in the GA1 content.
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1.11 Mutations in the GA pathway led to 
major advances in agriculture

• In the 1960s, the introduction of
semi‐dwarf cultivars of cereal crops,
including O. sativa and Triticum spp., in
combination with increased fertilizer
use, led to a dramatic increase in food
production worldwide. The impact of
these advances in agriculture was
termed the “green revolution”.
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• Growth‐inhibiting compounds were isolated from plants in the early 1950s.

• Experiments detected compounds that inhibited coleoptile elongation, referred to 

as the β‐inhibitor complex. 

• In the early 1960s, US scientists isolated an abscission‐accelerating compound

called “abscisin II” from young Gossypium hirsutum fruits and simultaneously

researchers in the UK isolated a dormancy‐inducing factor called “dormin.”

• The structure of abscisin II, later called abscisic acid (ABA), was determined in 1965 

and dormin was subsequently shown to be ABA.
41



2.1 Contrary to its name, ABA does not 
induce abscission

• As its name indicates, ABA was originally thought to induce abscission, however,
abscission is regulated by ethylene rather than ABA.

• Increased internal concentrations of ABA are unlikely to impose dormancy of S. 
tuberosum tubers or resting buds of deciduous trees.

• No support for conjecture that asymmetric distribution of ABA is involved in the 
negative geotropic response of roots.
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Effects

• Stomatal closure

• Inhibits shoot growth

• Protein synthesis

• Counteracts the effect of gibberellin

• Some aspects of dormancy

• Response to wounding
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DESICCATION TOLERANCE

46



47

Under water-deficit conditions:

• Several LEA genes which are ABA-responsive marker genes for protection of plants from dehydration
damage are up-regulated.

• ABA also induces genes involved in the synthesis of wax to minimize water loss from leaves.

• During osmotic stress, ABA speeds up conversion of starch to soluble sugars by transcriptional
control of the expression of genes for alpha and beta amylase through several ABFs (ABRE-binding
factors).

• Likewise, through the transcriptional regulation of ABFs, ABA also regulates chlorophyll biosynthesis.

• ABA is also involved in the regulation of several processes accompanying flower development and
their abscission, fruit growth and ripening.

• ABA accelerates leaf senescence through transcriptional regulation. The induction of two marker
genes for leaf senescence, ORESAR1 (ORE1) and SENESCENCE-ASSOCIATED GENE12
(SAG12), is transcriptionally activated during senescence by ABA signaling, involving ABFs.

• ABA plays a very significant role in the closing of stomata by regulating ion fluxes across guard cell
membrane.



1. activation of anion channels brings about anion 
efflux and depolarization of guard cell membrane.

2. Membrane depolarization activates 
depolarization-activated potassium efflux 
channels.

3. Since both potassium efflux channels and anion 
channels can remain activated for several minutes 
in the guard cells, this facilitates significant 
release of solutes from guard cells, leading to the 
closure of stomatal aperture.
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2.2 Many fungi, including fungal pathogens of 
the genera Cercospora and Botrytis, synthesize 
ABA from farnesyl diphosphate

By the early 1970s, two pathways leading to ABA had been proposed. The
“direct C15” route envisaged ABA production from the C15 precursor farnesyl
diphosphate, while the “indirect C40” route postulated oxidative cleavage of a
putative C40 intermediate, such as violaxanthin, to yield a C15 intermediate of
ABA.
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2.3 Gas chromatography–mass spectrometry showed 
that plants synthesize ABA from a C40 precursor

52

Experiments with mutants and with inhibitors of carotene synthesis were keys to understanding 
ABA biosynthesis.

Firm evidence that C40 xanthophylls are intermediates in ABA biosynthesis was obtained in 1984.

1′‐deoxy‐ABA was not the immediate ABA precursor in water‐stressed leaves.

ABA was synthesized from a preformed precursor with oxygen atoms at the 1′ and 4′ 
positions.

This was consistent with a C40 pathway to ABA, with 18O2 cleaving violaxanthin to form 
xanthoxin labeled at the 1‐CHO group, followed by oxidation of the labeled xanthoxin
to yield ABA with one 18O atom in the carboxyl group.
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2.4 ABA synthesis is regulated by a cleavage 
reaction that generates the first C15 intermediate

Many ABA‐deficient viviparous (vp) mutants of Z. mays are blocked at various points in 
the terpenoid and carotenoid biosynthesis pathways.

GGDP synthase, a key enzyme in the terpenoid pathway, catalyzes the three successive 
condensations with isopentenyl diphosphate that convert dimethylallyl diphosphate to 
the C20 compound GGDP.

As a consequence of GGDP deficiency, seedlings of the vp12 mutant have low 
chlorophyll content and reduced capacity for synthesis of carotenoids and ABA.
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The first committed step in the ABA biosynthesis pathway, 
oxidative cleavage of 9′‐cis‐neoxanthin and/or ‐cis‐violaxanthin, 
yields the first C15 intermediate, xanthoxin.

9‐cis‐epoxycarotenoid dioxygenase that catalyzes this conversion,
is encoded by a multigene family.
• 9‐cis‐epoxycarotenoid dioxygenase encoded by AtNCED3 gene is responsible for ABA 

production upon water stress, 

• while AtNCED6 and AtNCED9 gene products are involved in ABA production in seeds.

This conversion appears to be a rate‐limiting step in ABA 
biosynthesis; 56



• FIGURE 17.21 Later stages in the indirect C40 
ABA biosynthesis pathway: β‐carotene to ABA. 
Biosynthetic steps blocked in the following 
mutants are indicated. Arabidopsis mutants: 
aao3, aba1, aba2, aba3, aba4; H. vulgare: nar2a; 
S. lycopersicum mutants: flacca, notabilis, sitiens; 
N. plumbaginifolia mutants: aba1*, aba2*; Z. 
mays mutant: vp14
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The penultimate step of the ABA biosynthesis pathway converts 
xanthoxin to abscisic aldehyde.

Oxidation of abscisic aldehyde, catalyzed by abscisic aldehyde 
oxidase, leads to formation of ABA.

• There are many mutants defective in conversion of abscisic
aldehyde to ABA.

• The activity to produce ABA from xanthoxin via abscisic
aldehyde is not increased following the onset of water stress
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2.5 ABA is metabolized to several compounds, 
including phaseic acid, dihydrophaseic acid, and 
glucose conjugates
• The main route involves hydroxylation of the 8′ carbon, spontaneous rearrangement

of the resulting 8′‐hydroxy‐ABA to form phaseic acid (PA), and reduction to
dihydrophaseic acid and epi‐dihydrophaseic acid.

• The alternative routes in ABA metabolism involve conversion to 7′‐ and 9′‐

• hydroxy‐ABA.

• conjugation to form ABA‐β‐glucosyl ester and ABA‐1′‐O‐glucoside.

ABA 8′‐hydroxylase is a membrane bound CYP450 monooxygenase classified as CYP707A. Single 
or multiple mutants defective in these genes contain elevated endogenous ABA levels.
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The discovery of CKs has its roots in the 1930s quest for chemical factors that would allow the
culturing of plant tissues in synthetic media.
In the 1950s, a substance that strongly stimulated cell proliferation in Nicotiana tabacum tissue
culture was first purified and crystallized from autoclaved herring sperm DNA extracts. This
growth‐stimulating compound N6‐furfuryl aminopurine was named kinetin.
Kinetin has not been found in living plants and is believed to be an artificial by‐product of DNA 
breakdown. 
Kinetin, in combination with auxin, was found to promote the initiation and maintenance of cell 
division in cultured N. tabacum parenchyma.
A naturally occurring kinetin‐like substance was first isolated from immature Z. mays endosperm in 

the early 1960s and named zeatin (trans‐zeatin, tZ).
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• Usage of the term “cytokinins” for kinetin‐like compounds was defined as a 
“generic name for substances which promote cell division and exert other 
growth regulatory functions in the same manner as kinetin.”
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• Effects

Cell division

Morphogenesis

Growth of lateral buds

Leaf expansion

Senescence

Stomatal opening

Chloroplast development



Source–sink relationships: a fundamental framework

SOURCE SINK

Mature photosynthetic 
leaves
Produce and export 
assimilates, primarily 
carbohydrates.

Phloem transport
Fruits, roots, young 
leaves
Import assimilates for 
growth, respiration, or 
storage.

Sink size

Physical capacity related to cell 
number and cell size.

Sink activity

Physiological capacity for import, 
metabolism, and storage.

Sink strength

Capacity to attract, import, and 
use or store assimilates.

Key message: productivity depends on both assimilate supply and sink capacity.

Source–sink relationships



How source–sink relationships regulate plant growth

1

Assimilate 
production
Photosynthesis in 
source leaves

2

Phloem 
transport
Loading, 
translocation, and 
unloading

3

Sink metabolism

Import, utilization, 
respiration, and 
storage

4

Growth and yield

Biomass 
accumulation and 
organ development

Three interacting determinants
Assimilate production by source 
organs

Competition among sink 
organs

Sink capacity for import and utilization

The source–sink ratio alone does not fully describe sink strength.

Source–sink relationships



Carbohydrate import: from sucrose to hexose transport

Sucrose

Phloem-delivered 
carbohydrate

CWI activity

Sucrose hydrolysis

Glucose + 
fructose
Hexose availability

LeHT 
transporters
Hexose uptake and 
utilization

Evidence from the tomato study
Fruit thinning increased starch, sucrose, and hexose contents.

Expression of the examined LeHT genes increased as fruit load decreased.

LeHT1 and LeHT2 showed prominent expression at the onset of ripening.

Coordinated CWI activity and LeHT expression suggest an association, not proof of direct causation.

Plant growth and productivity physiology Source–sink relationships



Phytohormonal regulation of fruit growth

Auxin

• Participates in fruit development and growth
• Associated with cellular processes involved in 
fruit expansion
• Concentration increased as fruit load decreased

Cytokinin

• Regulates cell division and aspects of sink 
development
• May contribute to assimilate mobilization toward 
sinks

Interpretation

Hormonal status is an important component of the relationship between sink demand, cellular growth, 
and assimilate use.

Source–sink relationships



Why is cytokinin a key component of the framework?

Altered fruit load Hormonal status
Cell division & 

assimilate 
mobilization

Fruit growth

Study-supported observations
Lower fruit load was associated with higher cytokinin concentration and faster relative fruit growth.

The results support associations; they do not prove that cytokinin alone caused the observed responses.

Plant growth and productivity physiology Source–sink relationships
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1. Cytokinins can influence source activity by affecting photosynthesis and carbohydrate supply.

2. Cytokinin signaling can regulate genes involved in cell-cycle progression, DNA replication, and the processes
required for cell division.

3. Cytokinins can affect sink strength and the allocation of nutrients and assimilates among plant organs.

4. Cytokinin-mediated regulation of cell division during early fruit development can influence cell number and,
consequently, the potential final size of the fruit.

5. Sink capacity depends on several factors, including cell number, cell size, and the capacity of tissues to import and
utilize carbon and nutrients.

6. Cytokinins may regulate the expression of genes encoding sugar transporters, including SWEET, SUT/SUC, and
hexose transporter (HT) families.

7. Cytokinins can increase cell-wall invertase activity, promoting sucrose hydrolysis into glucose and fructose and
facilitating carbon uptake by sink tissues.

8. Cytokinins may link the growth capacity of sink organs with their ability to acquire and utilize assimilates



3.1 Structural variations occur in the side chains 
of CKs
• Isoprenoid CKs have an isoprene‐derived side chain and the

common active forms include isopentenyladenine (iP; N6‐
(Δ2‐isopentenyl)adenine), trans‐zeatin (tZ), cis‐zeatin (cZ), and
dihydrozeatin (DZ).

• In general, iP and tZ are active, and their derivatives are abundant, but they 
are susceptible to degradation by CK oxidase (CKX).

• cZ is less active and relatively more stable than tZ and iP because of its low 
affinity for CKX.

• DZ appears to be biologically stable because of its resistance to CKX and is 
generally found in small quantities except for some legumes. 70
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3.2 CKs are present as conjugates

• CKs are present in plants as nucleoside, nucleotide, and 
glycosidic conjugates.

• Glucosylation of CK occurs at the N3, N7, or N9‐positions of the purine 
moiety to form N‐glucosides.

• Amino acid conjugates of CK have also been isolated from some organisms. 
Lupinic acid, which was first found in lupine seedling, is an alanine onjugate
of tZ.
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3.3 The initial step of isoprenoid CK biosynthesis is
catalyzed by:
adenosine phosphate‐isopentenyltransferase (IPT)

The major isoprenoid CK biosynthesis step in plants is conjugation of adenine nucleotide
and the prenyl‐moiety of dimethylallyl diphosphate (DMAPP), catalyzed by adenosine
phosphate‐isopentenyltransferase (IPT) (Fig. 17.28). This reaction requires a divalent
metal ion, such as Mg2+. Plant IPTs predominantly use ATP or ADP rather than AMP as a
prenyl‐acceptor.

75
Prenylation is the covalent attachment of a lipid consisting of either three (farnesyl) or four (geranylgeranyl) isoprene units
to a free thiol of a cysteine side chain at or near the C-terminus of a protein.
Prenylation is the addition of hydrophobic molecules to a protein or chemical compound. It is usually assumed that prenyl
groups facilitate attachment to cell membranes.



3.4 trans‐Hydroxylation in tZ biosynthesis is 
catalyzed by a CYP450 monooxygenase

In Arabidopsis the trans‐hydroxylation of the prenyl side chain in 
tZ biosynthesis is catalyzed by CYP450 monooxygenases 
CYP735A1 and CYP735A2.

• Expression of CYP735A1 and CYP735A2 is upregulated by CK 
itself and downregulated by auxin or ABA.
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3.5 There are two pathways for formation of active CKs
3.6 LONELY GUY catalyzes the direct activation pathway
3.7 Agrobacterium IPT has distinct substrate specificity
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Some plant pathogenic bacteria utilize CKs to influence plant growth. Agrobacterium tumefaciens infects 
eudicots as well as some monocots and induces the formation of crown galls.

A. tumefaciens integrats the T‐DNA (Transfer‐DNA) region of the Ti‐plasmid into the 
plant nuclear genome. 

Ti-plasmids commonly contain an IPT (Tmr) within the T‐DNA.

Ti‐ plasmids contain another IPT gene (Tzs) in a region that is not transferred to the 

host plant. 

Tmr and Tzs are structurally related to higher plant IPTs. 

Tmr and Tzs can utilize substrates to produce iP and tZ.

Agrobacterium IPTs can synthesize tZ nucleotide directly in the absence of host plant 
CYP735A when HMBDP is the substrate.
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3.8 Agrobacterium IPT creates a bypass of direct tZ‐type 
CK synthesis in host plastids

In Agrobacterium‐infected plant cells, Tmr and Tms, encoded on the T‐DNA, 
overproduce CK and auxin, respectively, resulting in hypertrophic and 
hyperplastic cell growth.
• Tmr‐overexpressing transgenic plants almost exclusively contain tZ‐type 

CKs. 
• Tmr is targeted to and functions in plastids of infected host plant cells. 
• In plastid stroma, Tmr allows the cell to synthesize CK from HMBDP without 

CYP735A‐mediated hydroxylation. 
• This bypass enables A. tumefaciens to produce large amounts of tZ in order 

to induce gall formation.
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3.9 Structural studies reveal the molecular mechanism of the 
initial step in CK biosynthesis
3.10 CKs are also produced through degradation of tRNA

In addition to prenylation of adenine nucleotide by IPT, plants can 
produce CK through degradation of tRNA.
Organisms such as mammals and bacteria, in addition to plants, 
contain prenylated adenine in a subset of tRNA species.

Several CK species derived from tRNA‐degradation have been reported,
such as iP riboside (iPR), cis‐zeatin riboside (cZR), tZR and their
2‐methylthio derivatives.
The first step of modification is catalyzed by tRNA‐IPT.
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3.11 The initial step of CK biosynthesis occurs in multiple 
subcellular compartments using DMAPP from different origins

DMAPP is produced through the MEP (The non-mevalonate pathway) 
and mevalonate (MVA) pathways.
In general, the MEP pathway is found in bacteria and 
plastids, and the MVA pathway in the cytosol of eukaryotes.
Application of lovastatin, an inhibitor of the MVA pathway, 
leads to a decrease in tZ‐type CK accumulation in tobacco 
BY‐2 cell cultures, suggesting that the MVA pathway can be 
the predominant origin of tZ‐type CKs.
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3.12 tZ can be converted to DZ and cZ

• The double bond of the tZ side chain can be enzymatically
reduced to DZ by a zeatin reductase.

• In addition to degradation of tRNA, cZ‐type CKs can be 
formed by isomerization of tZ.

3.13 Interconversion of CK nucleobase, nucleoside and nucleotide 
are partially shared with the purine salvage pathway
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3.14 Degradation by CKX plays a key role in regulating 
cytokinin activity

In addition to biosynthesis and activation, deactivation is an important 
step in controlling active CK levels. 
CKX mediates irreversible CK degradation by cleaving the side chain of 
an unsaturated isoprenoid side chain. 
Among the naturally occurring CKs, iP, iPR, tZ, tZR, cZ, cZR, 
N‐glucosides, and N‐alanyl conjugates can be in vitro substrates, but 
generally CKX has a higher affinity for iP, tZ, and their nucleosides than 
others. 
Aromatic CKs are resistant to CKX.
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Reduction of CKX2 expression by natural variation increases CK levels in O. sativa (Fig. 17.36),
indicating that control of CK activity in shoot apical meristems at the degradation step is
mportant for agricultural productivity.
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3.15 Local CK metabolism plays an important role for 
regulating apical dominance

The mutual regulation of auxin and CKs plays a central role in the control of 
axillary bud outgrowth and dormancy (Fig. 17.37).

This regulatory system consists of the auxin‐dependent expression of CKX
and PIN, which is a component of auxin polar transport, and repression of IPT 
by auxin.

3.16 Glucosylation of the side chain hydroxyl group is 
catalyzed by zeatin O‐glucosyltransferase
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During the 19th century, Theophili Ciesielski studied the geotropic responses of 
plants.
Charles Darwin and his son Francis investigated phototropism as well as geotropism.
These investigations laid the groundwork for Fritz Went, who in 1926 obtained from 

oat coleoptiles a diffusible growth‐ promoting factor subsequently named “auxin.”
 The primary auxin present in most plants was eventually identified as 

indole‐3‐acetic acid (IAA).
Indole‐3‐butyric acid (IBA), 4‐chloroindole‐3‐acetic acid, and phenylacetic acid, which 

are also known as naturally occurring auxins.
Synthetic auxins such as 2,4‐dichlorophenoxyacetic acid (2,4‐D) and 

naphthalene‐1‐acetic acid (NAA) are used extensively in horticulture to induce 
rooting and to promote the set and development of fruit. At high concentrations 
the synthetic auxins are effective herbicides against broad‐leaved plants. 91
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• Effects
Cell enlargement

Cell division

Vascular tissue

 Root initiation

Tropistic responses

Apical dominance

Leaf senescence

Leaf and fruit abscission

Fruit setting and growth

Assimilate partitioning

Fruit ripening

Flowering

Growth of flower parts

Promotes femaleness in dioecious flowers
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The auxin activity in plants is primarily regulated by control of IAA content via 
several processes:
• de novo biosynthesis, 
• inactivation by various conjugation 
• catabolic pathways.

There are two de novo IAA biosynthesis pathways:
• one of which is dependent on the amino acid precursor l‐tryptophan 
• l‐Trp‐independent,

Hydrolysis of IAA conjugates also releases active auxin. 

IAA content in individual tissues can also be influenced by basipetal polar 
transport that results in the downward movement of IAA from apical meristems 
and young leaves towards the root system. 94



4.1 Multiple routes are employed in the L‐Trp‐dependent auxin
Biosynthesis

In plants, multiple routes have been identified in l‐Trp dependent IAA biosynthesis:
their first products are:
• indole‐3‐ pyruvic acid 
• tryptamine.

Indole‐3‐pyruvic acid is formed by Trp aminotransferase, followed by conversion to IAA
by YUCCA, (a Flavin-containing Monooxygenase). 

• Tryptamine is produced by decarboxylation of l‐Trp, catalyzed by Trp decarboxylase.
Tryptamine is then converted to indole-3- acetoaldehyde, and then to IAA.

95

Indole-3-ethanol and its conjugates are produced in a side shunt from indole-3-acetaldehyde.
These compounds may have a storage role, given that they can be rapidly reconverted to
indole-3-acetaldehyde and used as a substrate for IAA
biosynthesis.
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• IBA has been found in a number of plants. It has auxin activity 
and is used to induce root formation on cuttings.

• IAA is converted to IBA in Z. mays and Arabidopsis.

• IBA synthase uses acetyl‐CoA and ATP as cofactors.

• Exogenous IBA is conjugated rapidly by plants. 

• Conversion of IBA to IAA has also been reported.
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4.2 YUCCAs play a key role in auxin biosynthesis and plant 
development

• several lines of evidence from studies on gain of function and loss‐of‐function 
mutants demonstrates a key role for YUCCAs in auxin biosynthesis.

• YUCCA is encoded by a small multigene family, members of which are 
differentially expressed according to tissue.

• The expression of YUCCAs is temporally and spatially restricted and they are 
expressed in shoot and inflorescence apices, cotyledon tips in mature embryos, 
stamen, pollen, and stipules.

• de novo IAA biosynthesis mediated by YUCCA has a crucial role in the formation 
of floral organs and vascular tissues.
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4.3 IAA biosynthesis pathway is shared with glucosinolate
biosynthesis pathway in a few plant families

4.4 TAA1s also play a role in auxin biosynthesis and plant
development and are required for shade avoidance

• Identification of genes for Trp aminotransferase (TAA1) in Arabidopsis revealed that 
auxin biosynthesis via indole‐3‐ pyruvic acid is involved in shade avoidance 
responses and in ethylene–auxin interactions.

• Multiple mutants of TAA1 family of genes show severe auxin related phenotypes,
such as defects in root gravitropism, vasculature organization, and shoot and flower
development.
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4.5 Tryptophan‐independent IAA biosynthesis was demonstrated, 
but the biological importance remains unclear

Evidence for IAA biosynthesis independent of l‐Trp has been obtained with the orange 
pericarp (orp) mutant of Z. mays.

Seeds of the orp mutant contain increased concentrations of two l‐Trp precursors, 
anthranilate and indole.

Despite their diminished capacity for l‐Trp synthesis, orp mutants are rich in IAA.

Although orp seedlings contain roughly one‐seventh the l‐Trp present in wild‐type Z. 
mays, IAA contents are increased 50‐fold. 100
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4.6 Several pathways for IAA conjugation and catabolism have 
been elucidated

IAA catabolism results in loss of auxin activity and irreversibly decreases the size of 
the IAA pool. Catabolism can proceed by:

decarboxylative or

nondecarboxylative pathways, 

and in either case can involve oxidation of the indole ring.

As with CKs, catabolism of IAA sometimes involves conjugation reactions.
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For many years, the decarboxylative catabolism
was thought to represent the major IAA
degradation pathway in plant tissues. However,
evidence obtained with Z. mays, tomato and pea
indicates that peroxidases have only a minor role
in the regulation of endogenous IAA pools. IAA–
amino acid conjugates that were once perceived as
storage products have been identified as
intermediates in nondecarboxylative catabolic
pathways that deactivate IAA irreversibly.
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4.7 IAA ester conjugates serve as storage products in Z. mays 
seeds

The conjugation reactions, including aspartylation or glutamylation of the 1′
carboxyl, N‐glycosylation of the indole ring, and glycosylation of either the 3
or 7 hydroxyl groups, appear to permanently deactivate IAA.

O‐glycosylation of the 1′ carboxyl is typically reversible, so IAA–ester
conjugates may function as storage products.

During the first days of germination, the Z. mays embryo derives most of its IAA from these
three conjugates. However, the supply of hydrolyzable IAA conjugates declines as the seedling
grows, and the young plant rapidly develops the capacity to synthesize IAA.
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4.8 Amino acid conjugation of IAA is catalyzed by enzymes of 
the GH3 family and together with IAA‐amido hydrolases are 
involved in IAA homeostasis

A subset of GH3 family proteins as IAA‐amido synthetase, which catalyzes 
amino acid conjugation of IAA in the presence of ATP and Mg2+.

GH3.2 to GH3.6 and GH3.17 conjugate various l‐amino acids, such as l‐Ala 
l‐Asp, l‐Glu, l‐Met, and l‐Tyr to IAA in vitro, and can utilize indole‐3‐pyruvic 
acid, indole‐3‐butyric acid, phenyl acetic acid, and naphthalene‐1‐acetic acid 
as substrates.

• Most of the IAA‐amido synthetase genes are responsive to auxin treatment, suggesting that 
plants use feedback regulation to control the amounts of active auxin 107
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4.9 Some bacterial pathogens encode novel IAA synthesis and 
conjugation pathways

some bacterial enzymes catalyze the production of plant hormones. The enhanced
synthesis of IAA in A. tumefaciens‐induced galls and tumors results from expression of
two bacterial genes that are transferred to the plant when the T‐DNA integrates into
the host genome. These genes are associated with a unique two‐step Trp‐dependent
pathway to IAA.
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4.10 Transgenic plants expressing IAA biosynthesis genes have been 
used to study the effects of excess amounts of endogenous IAA

• when IAA production is enhanced, conjugation appears to play a key
role in regulating the size of the endogenous IAA pool and
maintaining an almost normal phenotype.

High concentrations of IAA are typically accompanied by an increased rate of
ethylene biosynthesis, and it was not initially possible to determine whether
the phenotypic effects of IAA overproduction were a direct result of IAA or a
consequence of increased ethylene levels.
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major phenotypic effects, including:
• pronounced apical dominance,
• dwarfism,
• excess adventitious root formation,
• increased phloem and xylem formation, 
• excess lignification,
• leaf epinasty,
• and abnormal flower production
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The phenotype of the Samsun
double‐transformants, in which IAA overproduction
is not accompanied by increased ethylene
biosynthesis, shows that apical dominance and leaf
epinasty are controlled primarily by IAA, whereas
reduced stem elongation is an indirect consequence
of high ethylene concentrations
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4.11 GAs increase IAA pools, whereas CKs may down‐regulate 
IAA synthesis and turnover

Application of GA3 to Little Marvel dwarf pea seedlings enhances shoot growth with a 
concomitant eightfold increase in IAA content of elongating tissues. Conversely, the 
size of the endogenous IAA pool is reduced in the Alaska pea seedlings dwarfed by 
treatment with uniconazole.

In contrast to GA3, CK reduce the size of endogenous IAA pools. Transgenic tobacco
plants that express the A. tumefaciens ipt gene overproduce CKs. Compared with
wild‐type plants, these transgenics contain significantly lower concentrations of free
IAA and in most cases IAA conjugates. Rates of IAA biosynthesis also are reduced.
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In 1886, while a graduate student in St. Petersburg, Dimitry Nikolayevich Neljubow noticed that 
etiolated pea seedlings grew horizontally in laboratory air, and vertically in air from outside the 
laboratory.

After an extensive study to exclude cultural practices, light, and temperature as causative agents, 
he showed that ethylene, in the gas used for lighting, induced this abnormal growth.

Many of ethylene′s physiological effects on plant growth and development, including its impact 
on seed germination, root and shoot growth, flower development, senescence and abscission of 
flowers and leaves, and the ripening of fruit, were discovered prior to 1940. Subsequent work has 
since shown that ethylene also participates in the modulation of plant responses to a range of 
biotic and abiotic stresses.
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Effects
The so called triple response (a decrease in stem elongation, a 

thickening of the stem and a transition to lateral growth)
Maintenance of the apical hook in seedlings (apical hook—a 

structure of dicotyledonous plants shaped by the bended hypocotyl that 
eases the penetration through the covering soil).
Stimulation of numerous defense responses in response to injury 

or disease.
Release from dormancy
Shoot and root growth and differentiation
Adventitious root formation
Leaf and fruit abscission
Flower induction in some plants
Induction of femaleness in dioecious flowers 
Flower opening
Flower and leaf senescence
Fruit ripening
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5.1 Ethylene is synthesized from S‐adenosyl‐l‐methionine via the 
intermediate 1‐aminocyclopropane‐1‐carboxylic acid (ACC)

• Synthesis of ethylene from its immediate precursor 1‐ aminocyclopropane ‐1‐
carboxylic acid (ACC) is catalyzed by ACC oxidase (ACO).

• ACC is produced from SAM in a reaction catalyzed by ACC synthase (ACS).

These reactions are part of the methionine cycle or Yang cycle named after S. F. Yang, 
who carried out the early work in elucidating the pathway 

In addition to its role in ethylene biosynthesis, SAM is involved in the biosynthesis of 
polyamines (PA) and a wide range of methylation reactions.

118
ACS has been isolated from a number of plant tissues following induction by factors that include 
exogenous IAA, wounding, lithium chloride stress, and climacteric fruit ripening. 
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5.2 ACSs are major regulators of ethylene biosynthesis

ACSs catalyze the rate‐limiting step in ethylene biosynthesis.

ACSs levels are controlled by:

transcription 

and 

protein stability.

Increased ethylene production, associated with germination, ripening,
flooding, and chilling, is invariably accompanied by increased ACC production
due to induction or activation of ACS.
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ACSs requires pyridoxal phosphate for activity and is sensitive to inhibitors of 
pyridoxal phosphate, especially aminoethoxy‐vinyl glycine and amino‐oxy 
acetic acid. These inhibitors allow investigators to distinguish between the 
effects of ACS and ACO.

The naturally occurring isomer of SAM, (–)‐S‐adenosyl‐lmethionine, is the
preferred substrate for ACS, while (+)‐SAM is an effective inhibitor.
However, incubating the enzyme with high concentrations of (–)‐SAM can 
irreversibly modify and inhibit ACS. 

This “suicide inactivation” involves covalent linkage of a fragment of the SAM
molecule to the active site of the enzyme. This substrate‐dependent
inactivation may be a contributory factor in the rapid turnover of ACS in plant
tissues.
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ACSs levels are controlled by: transcription and protein stability.

Ethylene biosynthesis rates are influenced by other plant hormones and by 
ethylene itself. 

Auxins promote ethylene synthesis by enhancing the rate of ACC production. 
Transcript analysis showed that auxin application results in increased levels of 
certain ACS mRNAs, indicating transcriptional control. 

The respective ACS genes have been shown to have cis acting auxin‐response 
elements.

Unripe developing fruits have auto inhibitory ethylene production and certain
ACS genes are transcribed. During ripening ethylene can promote
(autocatalyze) its production and different ACS genes are transcribed.
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Early observations indicated that ACS stability in S. lycopersicum fruits varied between
ripe and unripe fruits.
More recent experiments have shown that ACS turnover plays an important role in
regulating ethylene production and that the C‐terminal regions of the ACS protein act
in regulating this turnover.
The stability of ACS proteins is influenced by their phosphorylation status at C‐terminal
regions with the phosphorylated forms being more stable.
Type 1 ACS proteins are phosphorylated by a MAPK in response to stress, for example, pathogen and wounding, and by
a CDPK. Phosphorylation increases protein stability whereas unphosphorylated proteins are degraded by an undefined
mechanism. Type 2 ACS proteins are phosphorylated by a CDPK and this prevents binding of the ETO (Ethylene
overproducing) gene product. ETO1 can catalyze the addition of ubiquitin to ACS. Once ACS is ubiquitinated it is
targeted for proteolysis.
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5.3 ACC oxidase resisted biochemical characterization and was 
cloned using molecular techniques

The conversion of ACC to ethylene is catalyzed by ACO, previously referred to as 
“ethylene‐forming enzyme”.

• The ACO reaction can be summarized in:

ACO is activated by one of its products, carbon dioxide. The cyanide generated by the reaction is detoxified by
conversion to β‐cyanoalanine, which is further metabolized to Asn or γ‐glutamyl‐β‐cyanoalanine.

All plant tissues appear to contain ACO, as measured by the rate of ethylene evolution in the presence of a
saturating concentration of ACC. Under stress conditions, in response to ethylene, and at selected stages of
development (e.g., fruit ripening), ACO activity increases markedly. Both senescence and ripening‐induced
increases in ACO activity are a result of increased transcription. 125



126



5.4 When supply of available SAM is low, ethylene and polyamine 
biosynthetic pathways may compete for this shared substrate

• Biosynthesis of both ACC and PAs involves the incorporation of the 
aminopropyl group from SAM.

Under certain conditions, competition for SAM may restrict rates of ethylene 
or PA production. Inhibition of ACC synthesis by aminooxyacetic acid results 
in increased PA production. Conversely, inhibition of PA biosynthesis leads to 
increased concentrations of ACC and ethylene. 

This implies that one SAM‐dependent pathway is stimulated when the other is
blocked. When competition for the available SAM is circumvented by low
demand for PAs, or when ACC levels are increased by upregulation of
5′‐methylthioribose‐recycling enzymes, ethylene and PA production will not
directly interact.
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5.5 Most hormones must be catabolized, but volatile ethylene can 
be released as a gas

Prior to 1975, ethylene metabolism by plants was considered to be an artifact, caused by bacterial
contamination.

There is now evidence from plants grown in sterile conditions that [14C]ethylene is oxidized to [14C]CO2 or
converted to [14C]ethylene oxide and [14C]ethylene glycol.

Ethylene metabolism exhibits a very high KM indicative of a chemical reaction rather than a physiological
process.

In peas, the concentration of ethylene yielding a half‐maximal rate of ethylene metabolism is ≈1,000 times
the concentration required for half‐maximal response in the pea growth test.

It is likely that ethylene metabolism is largely a consequence of artificially elevated ethylene levels.

The major route by which plant tissues lose ethylene is probably diffusion to the surrounding atmosphere.
129



5.6 Repression of ethylene biosynthesis can delay over‐ripening in 
fruit, and represents an important field of biotechnological research
Two different biotechnological strategies have been employed to generate transgenic
tomato fruit that resist over‐ripening.

1: the overexpression of a Pseudomonas gene encoding ACC deaminase, reduces ethylene
levels in fruits by catalyzing the conversion of ACC to α‐ketobutyric acid and NH3.

2: limiting ethylene biosynthesis involves use of antisense gene constructs against either
ACO or ACS.

The phenotype of transgenic tomato fruit expressing antisense ACO:
• ethylene production is inhibited by about 95% during ripening.

• fruits grow normally and begin to change color, losing chlorophyll and accumulating lycopene, at the

• same stage of development as nontransformed fruit. 

• exhibit reduced reddening and an increased resistance to over‐ripening and shriveling when stored at

• room temperature for prolonged periods.

• do not soften as readily and can be left on the plant longer to ripen more fully.
130
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 In the early 1960s, researchers hypothesized that the rapid germination and growth of pollen
grains was associated with the presence of a growth promoter.

 A crude extract of pollen from Brassica napus (rape) induced rapid elongation of P. vulgaris (pinto
bean) internodes distinct from GA-mediated stem elongation.

 This early work led to the isolation and identification of brassinolide (BL) the first steroidal plant
growth regulator.

 A second plant steroid, castasterone (CS) was isolated from insect galls of chestnut (Castanea).
 Today, a number of related steroidal compounds have been isolated from a variety of plant

sources, and collectively called brassinosteroids (BRs).
 More than 40 BRs have been identified and, structurally, they are C27-, C28-, and C29-steroids 

with different functional groups on the A- and B-rings and side chain.
 Brassinolide, a C28‐BR, has the highest biological activity of the BRs and is distributed 

widely in the plant kingdom, along with biosynthetically related compounds.
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Application of BRs induces a broad spectrum of responses, including: 
• increased stem elongation,
• pollen tube growth,
• unrolling of grass leaves,
• bending of grass leaves at the sheath/blade joints,
• proton pump activation,
• reorientation of cellulose microfibrils,
• xylogenesis, 
• and enhanced ethylene production.
The existence of dwarf mutants of Arabidopsis, P. sativum, O. sativa and S. lycopersicum
defective in BR biosynthesis or signaling indicates that BRs promote the growth or
elongation of plant cells.

135

6.1 BRs affect a range of morphological characteristics



• Arabidopsis mutants grown in light have dark 
green leaves with reduced cell size, reduced 
apical dominance and diminished male 
fertility.

• Curiously, when grown in dark, these mutants
do not etiolate and share some characteristics
with light grown plants.

• When BL is applied to BR biosynthesis
mutants these phenotypic abnormalities are
reversed.
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6.2 The plant sterol campesterol is a precursor of brassinolide

All plant sterols are synthesized from cycloartenol.

A characteristic feature of plant sterols is alkylation at C‐24.

• Cholesterol, however, a widely distributed minor sterol in plants, is not alkylated at 
C‐24. 

• Common sterols found in plants include:

sitosterol (C29), stigmasterol (C29), campesterol (C28), 24‐epicampesterol (or 
22‐dihydrobrassicasterol) (C28), and cholesterol (C26).

• Except for stigmasterol, all these compounds are thought to be BR precursors.

• Sitosterol is the most abundant sterol and comprises 50–80% of the total sterol 
content of many plants, but it appears not to be a preferred precursor for BR 
biosynthesis.

• In many plants, BL and biosynthetically related compounds are the major BRs, 
indicating that campesterol is utilized preferentially for biosynthesis.
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6.3 The synthesis of BL from campesterol

6.4 Chemical inhibitors have been used to dissect pathways of BR 
biosynthesis

Triazoles, such as uniconazole and paclobutrazol, inhibit ent‐kaurene
oxidase, a CYP450 involved in GA biosynthesis.

Modification of uniconazole in which the tert‐butyl group is replaced by a
phenyl group generated brassinazole, a strong inhibitor of BR synthesis.

Treatment of plants with brassinazole generates phenotypes similar to
BR‐synthesis mutants.
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6.5 BR metabolism routes have been identified

• Molecular genetic techniques have also revealed the importance of glycosylation and 
sulfonation in BR metabolism.

Analysis of UDP‐glycosyltransferases (UGTs) has shown that plant steroids can act as substrates, 
and in Arabidopsis 23‐Oglucosylation of BL and CS is observed. Transgenic plants overexpressing 
UGT73C5 contained reduced amounts of BRs and displayed BR‐deficient phenotypes that can be 
rescued by exogenous application of BRs.

• Epimerization of the 2‐ and 3‐hydroxyls, followed by glucosylation or esterification

• Hydroxylation of C‐20 and successive side chain cleavage

• Glucosylation of C‐23 hydroxyl group
• Hydroxylation of C‐25 and C‐26 and subsequent glucosylation
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• Jasmonic acid (JA) and related compounds, often referred to as jasmonates
collectively, were initially isolated as inhibitors of plant growth. 

• Later, they have been shown to regulate various physiological processes in 
plants, including development of flowers and defense responses against 
herbivores and fungal pathogens.

• Jasmonates are similar structurally to prostaglandins, autacoidal hormones 
that exhibit various biological activities in mammals. Both jasmonates and 
prostaglandins are derived from fatty acids.
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• Methyl jasmonate is well known in the perfume industry as a fragrant
component of the essential oils of jasmine (Jasminum grandiflorum).

• In 1971, JA was isolated from culture filtrates of a fungus, Botryodiplodi
theobromae, as a plant growth inhibitor.

• Cucurbic acid was isolated from immature pumpkin (Cucurbita sp.) seeds in
1977 and identified as a new type of growth inhibitor, different from ABA.

• In the early 1980s, JA and methyl jasmonate were detected as senescence
promoting or growth‐retarding substances in many plant species.

• In 1989, the 12‐O‐β‐glucoside of tuberonic acid (12‐hydroxy‐(+)‐7‐isojasmonic
acid) was characterized as a potato tuber‐inducing factor.

• (–)‐JA and methyl (–)‐jasmonate are the major jasmonates isolated from plant 
tissues. Their naturally occurring stereoisomers, (+)‐7‐isojasmonic acid and 
methyl (+)‐7‐isojasmonate, also appear to be active agents in planta
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8.1 Jasmonates inhibit growth processes in many tissues and are essential 
for reproductive development and pathogen resistance

• Exogenous JA was first reported to inhibit the growth of O. sativa, T. aestivum, and L. sativa
seedlings.

• It was subsequently shown to inhibit seed and pollen germination, retard root growth, and
promote the curling of tendrils.

• JA content is high in vegetative sink tissues, and the compound regulates accumulation of
vegetative storage proteins during seed development in Glycine max and Arabidopsis.

Arabidopsis mutants severely defective in JA biosynthesis or response are male sterile. Fertility of such JA synthesis mutants can be
rescued by exogenous JA treatment. In Arabidopsis JA‐deficient mutants, anther filaments do not elongate sufficiently to a position
above the stigma, suggesting that:

• JA plays a role in coordinating the timing of growth and development of floral organs.

• JA plays an important role in plant resistance to insects and necrotrophic pathogens. Plants
accumulate JA and its derivatives when they are wounded or treated with pathogen‐derived
elicitors (oligosaccharides).

Exogenous treatment with JA activates expression of hundreds of defense‐related genes. Changes in gene expression result in
upregulation of synthesis of defense‐related proteins and metabolites, including antifungal proteins, antifeedants, phytoalexins,
and volatiles that attract predatory insects. JA treatment also downregulates expression of genes encoding enzymes involved in
growth and primary metabolism, including photosynthesis, so that resources can be used for defense.
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8.2 Jasmonates are synthesized from α‐linolenic acid

The first step of JA biosynthesis is release of α‐linolenic acid (a C18 
poly‐unsaturated fatty acid) from plastid membrane lipid by lipase.

α‐Linolenic acid is converted to 13‐hydroperoxylinolenic acid, and then 12,13(S)‐epoxylinolenic
acid. 

AOS that catalyzes the formation of 12,13(S)‐epoxylinolenic, is a 
plastid‐localized CYP450 enzyme with several unusual characteristics. Unlike 
the majority of CYP450 enzymes which act as monooxygenases, AOS does not 
require oxygen and is therefore not an oxidase, nor does it require NADPH.
AOC also is a plastid‐localized enzyme. 

The second stage of JA biosynthesis occurs in the peroxisome.
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8.3 Jasmonoyl‐isoleucine is an active hormone in the jasmonate

signaling pathway

• JA is subjected to an amide‐linked conjugation to isoleucine (Ile) and 
other amino acids to yield jasmonoyl‐isoleucine (JA‐Ile) and other 
jasmonoyl‐amino acid conjugates, respectively.

• In Arabidopsis, these conjugation reactions are catalyzed by an
enzyme encoded by the JAR1 (JASMONATE RESISTANT 1) locus.
Similar reactions are catalyzed by a subset of GH3 family proteins for
synthesis of amino acid conjugates of IAA.

jar1 mutants were isolated because of their resistance to exogenous JA in a root growth inhibition
assay. Evidence suggests that JA‐Ile synthesis is under positive feedback regulation. Many genes
that encode JA‐Ile biosynthesis enzymes are positively regulated by JA treatment.
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8.4 Coronatine is a bacterial toxin that activates jasmonate
signaling

Coronatine (CO) is a phytotoxin produced by some plant
pathogenic bacteria. There is evidence that CO exerts its
virulence effects by activating JA signaling in host plants. The
structural similarity of CO to JA‐Ile supports the idea that this
toxin acts as a molecular mimic of JA‐Ile.
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8.5 JA is metabolized to various products via multiple pathways

• Besides being converted to amino acid conjugates, JA can undergo several other 
modification reactions. 

• JA is converted to volatile methyl jasmonate by an SAM‐dependent carboxyl 
methyltransferase. Methyl jasmonate is thought to act as an airborne signal in interplant 
communication, being released in response to wounding and other abiotic stresses.

• Another volatile compound, cis‐jasmone, is synthesized from JA by decarboxylation, but 
the enzyme responsible for this reaction has not been clarified. 

• The carboxyl group of JA can also be modified through conjugation with glucose to give 
jasmonoyl‐1‐β‐glucose.

• 12‐Hydroxy‐(+)‐7‐isojasmonic acid is known as tuberonic acid because of its 
tuber‐inducing activity in potato.

• 12‐hydroxylation of JA and subsequent glucosylation and sulfonation appears to be a 
widespread JA metabolic route in plant.
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Salicylic acid (SA) is far better known for its medicinal properties
than for its regulatory roles in plants. Although many
physiological effects of SA application have been reported, only a
few have been shown to be physiologically important in plants,
for example, the regulatory role of SA in thermogenesis of
various species and in the response of plants to pathogens.
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9.1 Salicylic acid can retard senescence of petals and induce flowering

• Soluble aspirin tablets disintegrate rapidly in water, and the acetylsalicylic acid is converted to
SA.

• Adding aspirin to a vase of water containing cut flowers will retard senescence of petals and
make flowers last longer. This is probably a consequence of reduced rates of ethylene
biosynthesis, in light of reports that SA blocks the conversion of ACC to ethylene.

• SA also induces flowering in the duckweeds Lemna gibba, Spirodela polyrrhiza, and Wolffia
microscopia when these long‐day plants are grown under a noninductive short day
Photoperiod.This effect is not specific, however, and related phenolics also can stimulate
flowering in these and other species. Furthermore, because SA concentrations are similar in
vegetative and induced tissues, the compound is unlikely to be an endogenous flower‐inducing
signal.
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9.2 Salicylic acid regulates thermogenesis in voodoo lily

studies on thermogenesis in flowers of voodoo lily (Sauromatum guttatum):
During thermogenesis, much of the electron flow in mitochondria is diverted from the cytochrome respiration pathway
to the cyanide‐insensitive nonphosphorylating electron transport pathway unique to plant mitochondria. Also, the
glycolytic pathways and Krebs cycle enzymes, which provide substrates for alternative oxidase, are activated. Energy
released by electron flow through this alternative respiratory pathway is not conserved as chemical energy but is
released as heat.

In 1937 it was proposed that thermogenesis in S. guttatum was initiated by “calorigen,” a 
water‐soluble substance produced in the staminate flower primordia positioned between the 
upper and lower spadix.

In 1987, calorigen was identified as SA when it was shown that treating immature spadix 
sections with as little as 0.12 μg of SA per gram fresh weight caused their temperatures to 
rise by as much as 12°C. Large increases in endogenous concentrations of SA occur 
immediately prior to onset of thermogenicity in both upper and lower spadix.
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155All plant species examined to date possess genes for the AOX; however, AOX activity in any given tissue varies, depending on the level 
of gene expression and the activation status of the oxidase (see below). Often, AOX expression is greatly enhanced in response to an 
environmental stress. AOX is insensitive to classic inhibitors of cytochrome c oxidase (CN–, N3–, CO, and NO) and of complex III 
(antimycin-A, myxothiazol); however, the AOX can be specifically inhibited by salicylhydroxamic acid (SHAM) and n-propylgallate.
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9.3 Salicylic acid production is associated with disease resistance

• More widespread interest in SA was generated when it was 
closely linked to the hypersensitive response.

157



• Increased resistance, which develops over a period of several 
days to a week following initial pathogen invasion, is referred 
to as systemic acquired resistance (SAR). Associated with 
hypersensitive response and SAR is synthesis of five or more 
families of serologically distinct, pathenogenesis‐related (PR) 
proteins. Two of these families encode the hydrolytic β‐1,3‐ 
glucanases and chitinases.

• The indication that SA was involved in plant defense against
disease came with the finding that SA treatment of the leaves of
Tobacco Mosaic Virus (TMV)‐susceptible tobacco (N. tabacum
cv. Xanthi n) induced the accumulation of PR proteins and
enhanced resistance to TMV infection.
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9.4 Two distinct pathways exist for the biosynthesis of 
salicylic acid in plants

In 1993, SA biosynthesis in N. tabacum was proposed to involve a side branch
of the phenylpropanoid pathway, which converts trans‐cinnamic acid to
benzoic acid (BA), the latter undergoing 2‐hydroxylation to form SA.

After TMV‐inoculation, a large pool of benzoic conjugate (100 μg/g fresh 
weight) is hydrolyzed, releasing BA, which activates BA 2‐hydroxylase (BA2H), 
responsible for catalyzing the conversion of BA to SA.

The rate‐limiting step in SA biosynthesis is the conversion of trans‐cinnamic
acid to BA.
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9.5 Methyl salicylate may play a role as a mobile signal in systemic 
acquired resistance

In both healthy and infected tobacco leaves, the main SA metabolites
are SA 2‐O‐β‐glucoside (SAG) and SA β‐glucosyl ester (SGE), with the
latter occurring transiently and in smaller quantities than the former.
The carboxyl group of SA is methylated to form methyl salicylate
(MeSA) by a carboxyl methyltransferase that uses SAM as methyl
donor. MeSA is converted back to SA by MeSA esterase.
MeSA esterase activity is required for SAR signaling in systemic N. 
tabacum leaves. In transgenic N. tabacum plants with elevated MeSA
esterase activity in infected leaves, MeSA concentrations do not 
increase in infected leaves, phloem exudates and systemic leaves.
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10.1 Genetic studies suggested a novel carotenoid‐derived signal 
inhibits shoot branching

• The participation of auxin and CK in the regulation of axillary bud activity has long been 
known. Besides these two hormones, studies with excessive shoot branching mutants 
suggested the involvement of a novel hormone‐like compound in inhibiting outgrowth of 
axillary buds.

• Grafting experiments suggest that some of these mutations affect genes required for synthesis 
of this hormone, while others are required for perception or transduction of the signal.
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Excessive shoot branching phenotype of max1,
max3, and max4 mutants is rescued when grafted
onto wild type rootstock, while the max2 scion on
wild‐type rootstock still produces excessive
branching.

These results suggest that MAX1, MAX3, and
MAX4 are required for the synthesis of a
root‐derived graft‐transmissible signal that
inhibits axillary bud outgrowth, while MAX2 is
involved in perception or transduction of this
signal in shoots.

Since a max4 rootstock does not cause excessive
branching in wild type scion, the shoot branching
inhibitor synthesized in the scion (shoot) is also
sufficient to prevent excessive shoot branching.

165



MAX genes encode carotenoid cleavage
dioxygenase 7 (CCD7).

MAX1 encodes a protein in the CYP450
monooxygenase superfamily, of which
members are typically involved in metabolism
of lipophilic small molecules, as discussed
earlier.

These findings are consistent with the idea that
MAX1, MAX3 and MAX4 participate in
biosynthesis of a carotenoid‐derived
hormone‐like compound.
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10.2 Strigolactone inhibits shoot branching
Recently, SLs have been shown to inhibit shoot branching.
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 SL concentrations in root exudates and in roots are significantly decreased in the ccd7 and ccd8 
mutants of P. sativum and O. sativa. 

 Axillary bud outgrowth in ccd7 and ccd8 mutants of P. sativum, O. sativa and Arabidopsis 
is inhibited by exogenous SL.
Current data indicate that SLs act as a new class of branch inhibiting 

hormones or their biosynthetic precursors



10.3 Strigolactone biosynthesis pathway remains to be
elucidated

Until recently, the biosynthetic origin of SLs was unknown, although their chemical 
structures suggested that they are terpenoids.

In recent studies using chemical inhibitors and mutants of S. lycopersicum and Z. 
mays, SLs were shown to be derived from carotenoids. This is consistent with the 
discovery that carotenoid cleavage dioxygenases, CCD7 and CCD8, participate in SL 
biosynthesis.
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10.4 Strigolactone biosynthesis is under feedback regulation

In O. sativa, P. sativum, and Petunia, genes encoding CCD8 are highly upregulated
in the SL‐deficient and ‐insensitive mutant backgrounds, suggesting feedback
regulation of CCD8 expression.

Consistent with this, CCD8/D10 gene expression is downregulated by SL
treatment in O. sativa.

Furthermore, SL levels are substantially increased in the SL‐insensitive O. sativa
d3 mutant in comparison with wild type.

These results indicate that there is a link between SL action and biosynthesis in 
these plant species, as previously recognized for other plant hormones.
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10.5 Strigolactone production is elevated under mineral nutrient 
deficiency

The amounts of SLs released from roots are drastically increased under deficiency of
phosphate or nitrate in hosts of AM fungi.

This is thought to be an adaptive response of plants under nutrient deficiency in order to
maximize the symbiotic interaction with AM fungi, which assist the uptake of mineral
nutrients by the host plant.

This idea is supported by the observation that Lupinus albus (white lupin), a nonhost of AM
fungi, does not increase SL production in response to phosphate deficiency, unlike the
mycotrophic Trifolium pratense.

These results indicate that SL production is closely related to the strategy of plants for 
mineral nutrient acquisition. 170
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