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Precocious germination in the ABA-

deficient vivipary 14 (vp14) mutant 

of maize. The VP14 protein catalyzes 

the cleavage of 9-cis-

epoxycarotenoids to form xanthoxin, 
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Hormon ABA (Abscisic acid), yang 

bersifat sebagai asam lemah dengan 15 

C, telah lama dipertimbangkan sebagai 

suatu inhibitor pertumbuhan.  Tetapi 

kandungan ABA yang tinggi terdapat 

dalam jaringan muda tanaman, dan 

tanaman mutant yang kekurangan ABA 

tumbuh sangat terbantut (kerdil). ABA 

kemudian diketahui mengendalikan 

banyak aspek pertumbuhan dan 

perkembangan tanaman seperti 

maturasi embrio dan dormasi biji. ABA 

kemudian diketahui mengendalikan 

banyak aspek pertumbuhan dan 

perkembangan tanaman seperti 

maturasi embrio dan dormasi biji. 

 
 

 
Fig.2.  The schematic representation of major ABA signaling pathway 

in plants with and without ABA presence. The core components in ABA 
signaling include ABA receptors (PYR/PYL/RCAR), PP2C phosphatases 

(negative regulators), and SnRK2 kinases (positive regulators). 
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LECTURE OUTCOMES 
After the completion of this lecture and mastering the lecture 

materials, students should be able to 
1. explain the occurrence, chemical structure, and measurement of 

ABA 
2. explain the biosynthesis, metabolism, and transport of ABA 
3. explain ABA signal transduction pathways 

4. explain ABA regulation of gene expression 
5. explain developmental and physiological effects of ABA 

 
 

LECTURE OUTLINE 
1. INTRODUCTION 

1. Positive and Negative Regulator 
2. Occurrence 

3. ABA Chemical Structure 

2. ABA METABOLISM 
1. ABA Precursor 

2. ABA Concentration 
3. ABA Transport 

3. ABA SIGNAL TRANSDUCTION 
PATHWAYS 
1. Basic Concept 

2. Receptor Candidates 
3. Secondary Messengers 

4. ABA Signaling Mediator 
5. Second Messengers 
6. Protein Kinases and 

Phosphatases 
7. PP2Cs 

8. ABA and Other Hormonal 
Pathways 

 

4. ABA REGULATION OF GENE 

EXPRESSION  
1. Gene Expression  

2. Transcription Factors 

EFFECTS OF ABA 
1. Seed Maturation  

2. Precocious Germination and 
Vivipary  

3. Seed Storage Reserve 
Accumulation and Desiccation 
Tolerance  

4. Seed Dormancy 
5. ABA to GA Ratio 

6. GA-induced Enzyme Production 
7. Root Growth and Shoot Growth 
8. Leaf Senescence 

9. ABA in Dormant Buds  
10. ABA and Stomata Closure 

11. ABA and Guard Cells 
 

 
 

1. INTRODUCTION 
 

1. Positive and Negative Regulator 
 The extent and timing of plant growth are controlled by the coordinated 

actions of positive and negative regulators.  
- Some of the most obvious examples of regulated non-growth are seed 

and bud dormancy, adaptive features that delay growth until 
environmental conditions are favorable.  

 Compounds from a variety of plant tissues especially dormant buds were 
extracted as the phenomena of seed and bud dormancy were suspected due 
to inhibitory compounds. 

- Early experiments led to the identification of a group of growth-inhibiting 
compounds, including a substance known as dormin purified from 

sycamore leaves collected in early autumn, when the trees were entering 
dormancy.  
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 The dormin was chemically identical to a substance that promotes the 

abscission of cotton fruits, abscisin II, and was renamed abscisic acid (ABA) 
(Fig. 23.1) to reflect its supposed involvement in the abscission process.  

 

 
Fig. 23.1 Structures of active and inactive ABAs. The chemical structures of the S (+, 

or counterclockwise array) and R (-, or clockwise array) forms of cis-ABA, and the 

(S)-2-trans form of ABA. The numbers in the diagram of (S)-cis-ABA identify the 

carbon atoms. 

 
 

 ABA is now recognized as an important plant hormone that regulates growth 
and stomatal closure, particularly when the plant is under environmental 

stress. 
 Another important function is its regulation of seed maturation and 

dormancy. lronically, ABA's effects on abscission remain controversial: In 

many species, ABA appears to promote senescence (i.e., the events 
preceding abscission), but not abscission itself. 

 

2. Occurence 
 Abscisic acid is a ubiquitous plant hormone in vascular plants, and has been 

detected in mosses but appears to be absent in liverworts  
 Several genera of fungi make ABA as a secondary metabolite. ABA has also 

been found in metazoans ranging from sea sponges to humans, and some 
signaling mechanisms appear to be shared across kingdoms. 

 Within the plant, ABA has been detected in every major organ or living tissue 
from the root cap to the apical bud. ABA is synthesized in almost all cells that 
contain chloroplasts or amyloplasts. 

 

3. ABA Chemical Structure 
 ABA is a 15-carbon compound that resembles the terminal portion of some 

carotenoid molecules (Fig. 23.1).  

 The orientation of the carboxyl group at carbon 2 determines the cis and 
trans isomers of ABA.  

 Nearly all naturally occurring ABA is in the cis form, and by convention the 

name abscisic acid refers to the cis isomer. 

 ABA also has an asymmetric carbon atom at position 1 in the ring, resulting 
in the S and R (or + and -, respectively) enantiomers.  

- The S enantiomer is the natural form; commercially available synthetic 
ABA is a mixture of approximately equal amounts of the S and R forms.  

- In long-term responses to ABA, such as seed maturation, both 
enantiomers are active. In other responses, such as stomatal closure, the 
S enantiomer is far more active. 
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2. ABA METABOLISM 
 

1. ABA Precursor 
 ABA biosynthesis begins in chloroplasts and other via carotenoid pathway 

from a carotenoid intermediate (Fig. 23.2/Fig. 3). 
 

 
Fig 3.  ABA metabolic pathways.  ABA biosynthesis, degradation and conjugation 

pathways are shown in relation to the cellular compartments where these events 

occur. Carotenoid intermediates are highlighted in yellow. Enzymes regulating key 

regulatory steps are shown in bold. Individual loci identified based on ABA deficiency 

are shown in italics. 

 

 
 The isoprene unit—also a precursor of cytokinins, ellins, and 

brassinosteroids—leads to the synthesis the C40 xanthophyll (i.e., oxygenated 

carotenoid) violaxanthin.  
- The discovery that the of violaxanthin is catalyzed by the enzyme 

encoded by the ABA1 locus of Arabidopsis provided conclusive evidence 
that ABA synthesis occurs via the carotenoid pathway rather than by 
modification of a C15 isoprenoid, as occurs in some phytopathogenic fungi.  

 Maize (corn; Zea mays) mutants (termed viviparous, vp) that are blocked at 
other steps in the carotenoid pathway also have reduced levels of ABA and 

exhibit vivipary-the precocious germination of seeds in the fruit while still 
attached to the plant (Fig. 23.3).  Sah et al. (2016) 
 
Fig. 23.3 Precocious germination 

involves germination of seeds in the 

fruit while still attached to the plant. 

Shown here is precocious germination 

in the ABA-deficient vivipary 14 

(vp14) mutant of maize. The VP14 

protein catalyzes the cleavage of 9-

cis-epoxycarotenoids to form 

xanthoxin, a precursor of ABA. 

(Courtesy of Bao Cai Tan and Don 

McCarty.) 

https://www.ncbi.nlm.nih.gov/core/lw/2.0/html/tileshop_pmc/tileshop_pmc_inline.html?title=Click%20on%20image%20to%20zoom&p=PMC3&id=3833200_f03_00.jpg
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2. ABA Concentration 
 ABA biosynthesis and concentrations can fluctuate dramatically in specific 

tissues during development or in response to changing environmental 

conditions.  
- In developing seeds, for example, ABA levels can increase 100-fold within 

a few days, reaching average concentrations in the micromolar range, and 
then decline to very low levels as maturation proceeds.  

 Under conditions of water stress (i.e., dehydration stress), ABA in the leaves 

can increase 50-fold within 4 to 8 hours (Fig. 23.4). 
 
Fig 23.4 Changes in water potential, stomatal 

resis- tance (the inverse of stomatal conduc-

tance), and ABA content in maize in response 

to water stress. As the soil dried out, the water 

potential of the leaf decreased, and the ABA 

content and stomatal resistance increased. Re- 

watering reversed the process. (After Beardsell 

and Cohen 1975.) 

 
 

 Part of this increase is due to increased 
expression of biosynthetic enzymes, but 

the specific enzymes depend on the tissue 
and the signal. For example, among 
biosynthetic enzymes, 

- NCED is induced in all tissues;  
- ZEP (zeaxanthin epoxidase) is induced 

in seeds and water-stressed roots;  
- the AAOs are differentially induced in stressed tissues; and  
- SDR is induced by sugar, but not by dehydration. 

 The mechanism by which dehydration stress is perceived by cells has not yet 
been identified, but might involve sensors of cellular turgor or osmotic 

sensors.  
 The concentration of free ABA in the cytosol is also regulated by degradation, 

compartmentation, conjugation, and transport as with other plant hormones. 

 

3. ABA Transport 
 ABA is transported by both the xylem and the phloem, but it is normally 

much more abundant in the phloem sap.  

- When radioactive ABA is applied to a leaf, it is transported both up the 
stem and down toward the roots. Most of the radioactive ABA is found in 
the roots within 24 hours.  

 Destruction of the phloem by a stem girdle prevents ABA accumulation in the 
roots, indicating that the hormone is transported in the phloem sap.  

 ABA synthesized in the roots can also be transported to the shoot via the 
xylem.  
- Whereas the concentration of ABA in the xylem sap of well-watered 

sunflower plants is between 1.0 and 15.0 nM, the ABA concentration in 

water- stressed sunflower plants rises to as much as 3000 nM (3.0 M)—
representing a 200- to 3000-fold increase. 

 Studies using ABA-dependent reporter gene activation to reflect localized 
ABA concentrations have shown that during water stress, ABA accumulates 

first in shoot vascular tissue, and only later appears in roots and guard cells 
(Fig. 23.5). 
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Fig. 23.5 Dynamics of ABA-dependent reporter respon-se to root-sensed water 

stress. Seedlings of the reporter line pAtH B6::LUC were water-stressed via their 

roots and luciferase-dependent light emission (light blue and green patches) was 

recorded at the indicated times.  ABA-dependent expression was observed in 

hypocotyls by 2 hrs, cotyledon veins by 4 hrs, and spreading across the cotyledons 

by 6 hrs, but did not appear in roots before 10 hrs. Bars correspond to 1 mm. (From 

Christmann et al. 2005.) 

 
 

 At the cellular level, ABA distribution among plant cell compartments follows 
the ”anion trap” mechanism:  
- the dissociated (anion) form of this weak acid, ABA-, does not readily 

cross membranes,  
- but ABA enters the cell in the protonated form and then accumulates in 

alkaline compartments. 
 During the early stages of water stress, the pH of the xylem sap becomes 

more alkaline, increasing from about pH 6.3 to about pH 7.2.  

 Stress-induced alkalinization of the apoplast favors formation of the 
dissociated form of abscisic acid, ABA‘.  

 At the same time, dehydration also acidifies the cytosol, contributing to ABA 
release from its sites of synthesis and decreasing uptake by mesophyll cells.  

 Both of these pH changes increase the amount of ABA reaching the guard 

cells via the transpiration stream (Fig. 23.6).  
 

 
Fig. 23.6 Redistribution of ABA in the leaf resulting from alkalinization of the xylem 

sap during water stress.  
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3. ABA SIGNAL TRANSDUCTION PATHWAYS 
 

1. Basic Concept 
 ABA is involved in short-term physiological effects (e.g., stomatal closure), 

as well as long-term developmental processes (e.g., seed maturation).  
- Rapid physiological responses frequently involve alterations in the fluxes 

of ions across membranes and usually involve regulation of certain genes 

as well, as evidenced by the fact that a variety of ABA-stimulated 
transcription factors that are expressed in guard cells regulate stomatal 

aperture. 
- In contrast, long-term processes inevitably involve major changes in the 

pattern of gene expression. 

 Comparisons of total transcript populations have shown that at least 10% of 
the genes in both Arabidopsis and rice are regulated by ABA. 

 

2. Receptor Candidates 
 Receptor candidates include diverse classes of proteins.  
 Efforts to identify ABA receptors have employed biochemical, cellular, and 

genetic approaches.  

 The results of such experiments have suggested the presence of both cell 
surface and intracellular types of ABA receptors (Fig. 23.7). 

 

 
Fig. 23.7 A model of ABA interactions with three of its candidate receptor classes. 

ABA receptors identified to date are localized in plastid (CHLH), plasma membrane 

(GTGl and GTG2), and cytosol and nucleus (PYR/PYL/ RCAR). All mediate ABA effects 

on both gene expression and ion fluxes involved in stomatal regulation (represented 

by A– channel for simplicity), but the inter- o sections among downstream signaling 

events are not yet clear. PP2Cs, ABI- clade of protein phosphatases; SnRK2s,  SNF-

related kinases; TF5, transducing-1 factors including ABRE-binding tran-  scription 

factors. Solid lines, direct interactions; dotted lines, unknown in- teractions; arrows, 

positive regulation; bars, repression. 
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 In recent years, several possible ABA receptor classes have been proposed, 

but most are controversial.  
 Three of the best candidates include:  

- PYR/PYL/RCAR members of the START superfamily of ligand-binding 
proteins, which are present in the cytosol and nucleus. ylene  

- CHLH, a plastid-localized subunit of the Mg-cheletase enzyme involved in 
chlorophyll synthesis and in signaling that coordinates plastid and nuclear 
gene expression. 

- GPCR-type G proteins (GTG1 and GTG2) are a pair of plasma 
membrane proteins that have intrinsic G protein activity and homology to 

G protein—coupled receptors (GPCRs) (Pandey et al. 2009). Although 
GPCRs appear to participate in ABA signaling, there is conflicting evidence 
for their role as receptors. 

 

3. Secondary Messengers 
 Secondary messengers function in ABA signaling. 
 Numerous secondary messengers participate in ABA signaling including Ca2+, 

reactive oxygen species (ROS), cyclic nucleotides, and phospholipids. 
 Cytosolic Ca2+ levels are regulated by changes in the activity of channels 

permitting calcium influx through the plasma membrane and into the cytosol 

from internal compartments, such as the central vacuole or a variety of 
organelles. 

 These channels are regulated in turn by additional messengers;  
- for example, reactive oxygen species (ROS) such as hydrogen peroxide 

(H202) or superoxide (OZF), which are produced by NADPH oxidase, 

function as secondary messengers leading to plasma membrane calcium 
channel activation 

 Calcium release from intracellular stores can be induced by a variety of 
second messengers, including inositol 1,4,5-trisphosphate (InsP3), cyclic 
ADP-ribose (cADPR), and self-amplifying (calcium-induced) Ca2+ release.  

 

4. ABA Signaling Mediator 
 Ca2+-dependent and Ca2+-independent pathways mediate ABA signaling. 
 Intracellular free calcium has been measured by the use of microinjected 

calcium-sensitive ratiometric fluorescent dyes*, such as fura-2 or indo-1.  
 Alternatively, transgenic plants expressing genes for calcium indicator 

proteins such as aequorin or yellow cameleon make it possible to monitor 

several fluorescing cells in parallel, without the need for invasive injections.  
 Studies with yellow cameleon have demonstrated that the cytosolic Ca2+ 

concentration oscillates in guard cells, depending on the signals received 
(Fig. 23.8). 

 Direct imaging of calcium fluctuations supports the hypothesis that an 

increase in cytosolic calcium, partly derived from intracellular stores, is 
responsible for ABA- induced stomatal closure.  

 Ca2+ elevations can then be interpreted by "conformational coupling,” in 
which Ca2+ binding to proteins such as calmodulin (CaM) or calcineurin B-like 
(CBL) proteins alter their conformation. 

 In addition, Ca2+ may either directly or indirectly regulate protein kinases or 
phosphatases that modify the phosphorylation state and therefore the 

activity of various proteins.  
 Consequently, the overall response to ABA reflects the subcellular 

distribution, frequency, amplitude and duration of Ca2+ elevations.  
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Fig. 23.8 ABA induces calcium oscillations in Arabidopsis guard cells, which are 

detected by transgenic expression of yellow cameleon, a calcium indicator protein 

dye. (A) Repetitive calcium transients elicited by ABA are indicated by increases in 

the ratio of fluorescence emission at 535 and 480 nm. (B) Pseudo- colored images of 

fluorescence in Arabidopsis guard cells; blue, green, yellow, and red represent 

increasing cytosolic calcium concentrations. (From Schroeder et al. 2001) 

 
 

5. Second Messengers 
 ABA-induced lipid metabolism generates second messengers. 

 Studies in broad bean (Vicia faba) guard cells have shown that ABA 
stimulates phosphoinositide metabolism, leading to the production of InsP3 

(inositol triphosphate) and myo-inositol-hexaphosphate (InsP6).  
- A 90% increase in the level of InsP3 was measured within 10 seconds 

after application of ABA.  

 Studies in Arabidopsis and tobacco using antisense DNA to block expression 
of an ABA-induced phospholipase C have shown that this enzyme is required 

for the effects of ABA on germination, growth, and gene expression. 
- Consistent with this observation, mutants with increased InsP3 levels 

exhibit hypersensitivity to ABA. 

 ABA activation of the enzyme sphingosine kinase produces another class of 
phospholipids, sphingosine-1- phosphate (S1P) (Fig. 23.9). 

 S1P stimulates cytosolic Ca2+ increases and stomatal closure in Commelina 
communis guard cells. 

 In addition, S1P signaling inhibitors decrease the response to ABA. 

 

 
Fig. 23.9 Activated by ABA, sphingosine kinase catalyzes the phosphorylation of 

sphingosine to sphingosine-l-phosphate. 
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6. Protein Kinases and Phosphatases 
 Protein kinases and phosphatases regulate important steps in ABA signaling. 
 Nearly all biological signaling systems involve protein phosphorylation and 

dephosphorylation reactions at some step in the pathway, and ABA signaling 
is no exception.  

 Families of protein kinases and phosphatases, identified by biochemical and 
genetic studies, mediating specific aspects of ABA signaling include; 
- ABA-ACTIVATED PROTEIN KINASES ABA- or stress-activated protein 

kinases (AAPK or SAPKs) have been identified in many species and are 
members of the Sucrose Non- Fermenting Related Kinase2 (SnRK2) 

family.  
 The first SnRK2 to be identified is required for stomatal regulation and 

acts upstream of ROS and Ca2+ signaling. 

 All of the ABA- or stress-induced SnRKs tested can phosphorylate a 
conserved domain of a class of transcription factors known as ABA-

response element binding factors (AREBs or ABFs) in vitro, and 
this phosphorylation is correlated with increased activity of these 

transcription factors. 
- PROTEIN PHOSPHATASES Several classes of serine/ threonine 

phosphatases (PP1A, PPZA, calcineurin-like PP2Bs, and PPZC), and 

tyrosine phosphatases can all regulate aspects of guard cell signaling, but 
the effects may be positive or negative depending on numerous factors. 

 Genetic studies permit analysis of individual protein phosphatases and 
have identified a specific PP2A and several PP2Cs as ABA signaling 
components with pleiotropic (multiple) effects on development. 

 

7. PP2Cs 
 PP2Cs interact directly with the PYR/PYL/RCAR family of ABA receptors. 
 The most dramatic effects on the ABA response are seen in mutants of the 

Arabidopsis ABI1 and ABI2 loci, which encode PP2Cs.  
- The Arabidopsis abil-1 and abi2-1 mutants display phenotypes consistent 

with a defect in ABA signaling, including reduced seed dormancy, a 

tendency to  wilt (due to faulty regulation of stomatal aperture), and 
decreased expression of most ABA-inducible genes.  

 The defects in the stomatal response include ABA insensitivity of S-type 
(slow) anion channels, both inward and outward K” channels, and actin 
reorganization.  

 Although nonresponsive to ABA, the mutant stomata close when exposed to 
high external concentrations of Ca2+, suggesting that they are defective in 

their ability to initiate Ca2+ signaling.  
 Consistent with this finding, ABA is less effective at inducing transient 

increases in cytosolic Ca2+ in these mutants.  

 The PP2Cs have now been shown to interact directly with the PYR/PYL/RCAR 
family of receptors.  

This ABA-dependent interaction represses the PP2C phosphatase activity, which 
leads to de-repression of the events normally inhibited by these PP2Cs, including 
activation of the SnRKs.  

 The dominant negative abil-1 mutant protein does not interact with the 
receptors and therefore remains in a repressive state.  

 From a signaling perspective, these PP2Cs can be viewed as "hubs” that 
integrate information from receptors and secondary messengers to modify 
the function of multiple downstream pathways. 
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8. ABA and Other Hormonal Pathways 
 ABA shares signaling intermediates with other other hormonal pathways. 
 Enhanced response to ABA (ERA3) was found to be allelic to a previously 

identified ethylene signaling locus, ETHYLENE-INSENSITIVE 2 (EIN2).  
 In addition to displaying defects in ABA and ethylene responses, mutations in 

ERAS result in defects in the responses to auxin, jasmonic acid, and stress.  
 This gene encodes a membrane-bound protein that appears to represent a 

cominon signaling intermediate for many different signals.  

 Such an interaction is an example of primary cross-regulation between 
distinct signaling pathways. 

 
 

4. ABA REGULATION OF GENE EXPRESSION 
 

1. Gene Expression 
 ABA regulates the expression of numerous genes during seed maturation and 

acclimation to stress conditions such as drought, low temperature, and 
salinity (salt stress).  
- Transcriptional profiling studies in Arabidopsis and rice have shown that 5 

to 10% of the genome is regulated by ABA and various stresses (e.g., 
drought, salinity, and cold).  

- More than half of these changes are common to ABA, drought and 
salinity, but only about 10% of these stress-regulated genes are also 
cold-regulated. 

 The ABA- and stress—induced genes are presumed to contribute to adaptive 
aspects of induced tolerance BA 

 

2. Transcription Factors 
 Gene activation by ABA is mediated by transcription factors.  
 Four main classes of regulatory sequences conferring ABA inducibility have 

been identified. 

 Proteins that bind to these sequences have been characterized, and these 
include: 

- members of the basic leucine zipper (bZIP), B3, MYB, and MYC families,.  
 Under stress conditions, induction of gene expression may be ABA-dependent 

or ABA-independent. 

 Additional transcription factors have been identified that specifically mediate 
responses to cold, drought, or salinity BA. 

 A few DNA elements that are involved in transcriptional repression by ABA 
have been identified.  

 The best characterized of these are the gibberellin response elements 

(GAREs) that mediate the gibberellin-inducible, ABA-repressible expression of 

the barley -amylase genes. 

 Four transcription factors involved in ABA-inducible gene activation in 
maturing seeds have been identified by genetic means:  
- VIVIPAROUS 1 (VP1) in maize and  

- ABA- INSENSITIVE (ABI) 3, ABI4, and ABI5 in Arabidopsis.  
 A mutation in the gene encoding any of these four transcription factors 

reduces the ABA responsiveness of the seeds.  
 The maize VP1 and Arabidopsis ABI3 genes encode highly similar proteins, 

while the ABI4 and ABI5 genes encode members of two other transcription 

factor families. 
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 The ABA Response Element Binding Factors (AREBs/ABFs) are 

additional members of the ABI5 subfamily of bZIP transcription factors that 
are correlated with gene expression induced by ABA, embryo formation, 

drought, or salt stress.  
 Availability and activity of these transcription factors is controlled by: 

- developmentally and environmentally regulated gene expression,  
- regulation of their own that of similar factors,  
- posttranslational modification as phosphorylation by specific SnRK2s and 

dent protein kinases (CPKs), and in some cases, against proteasomal 
degradation (Fig. 23.10). 

 

 
Fig. 23.10 Regulatory mechanisms and transcription factors that mediate proteasome 

ABA-regulated gene expression.  

 
 

EFFECTS OF ABA 
 

1. Seed Maturation 
 ABA regulates seed maturation.  Seed development can be divided into three 

phases of approximately equal duration:  
1. During the first phase, which is characterized by cell divisions and tissue 

differentiation, the zygote undergoes embryogenesis and the endosperm 
tissue proliferates. 

2. During the second phase, cell divisions cease and storage compounds 

accumulate.  
3. In the final phase, embryos of "orthodox" seeds become tolerant to 

desiccation, and the seeds dehydrate, losing up to 90% of their water. As 
a consequence of dehydration, metabolism comes to a halt and the seed 
enters a quiescent (”resting”) state. In some cases the seed becomes 

dormant as well. 
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- Unlike quiescent seeds, which will germinate upon rehydration, dormant 

seeds require additional treatment or signals for germination to occur. In 
contrast to orthodox seeds, recalcitrant seeds do not complete this phase, 

so have a high moisture content at maturity and are not desiccation 
tolerant. 

 The latter two phases result in the production of viable seeds with adequate 
resources to support germination and the capacity to wait weeks to years 
before resuming growth.  

 Typically, the ABA content of seeds is very low early in embryogenesis, 
reaches a maximum at about the halfway point, and then gradually falls to 

low levels as the seed reaches maturity. 
 Thus there is a broad peak of ABA accumulation in the seed corresponding to 

mid- to late embryogenesis.  

 The hormonal balance of seeds is complicated by the fact that not all the 
tissues have the same genotype. The seed coat is derived from maternal 

tissues; 
- the zygote and endosperm are derived from both parents. Genetic studies 

with ABA-deficient mutants of Arabidopsis have shown that the zygotic 

genotype controls ABA synthesis in the embryo and endosperm and is 
essential to dormancy induction, whereas the maternal genotype controls 

the major, early peak of ABA accumulation and helps suppress vivipary in 
mid-embryogenesis. 

 

2. Precocious Germination and Vivipary 
 ABA inhibits precocious germination and vivipary. 

 When immature embryos are removed from their seeds and placed in culture 
midway through development before the onset of dormancy, they germinate 

precociously-that is, without passing through the normal quiescent and/or 
dormant stage of development.  

 ABA added to the culture medium inhibits precocious germination.  

 This result, in combination with the fact that the level of endogenous ABA is 
high during mid- to late seed development, suggests that ABA is the natural 

constraint that keeps developing embryos in their embryogenic state. 
 Further evidence for the role of ABA in preventing precocious germination 

has been provided by genetic studies of vivipary.  

- The tendency toward vivipary, also known as preharvest sprouting, is 
characteristic of some grain crops when they mature in wet weather.  

 In maize, several viviparous mutants have been selected in which the 
embryos germinate directly on the cob while still attached to the plant.  
- Several of these mutants are ABA-deficient (vp2, vp5, vp7, vp9, and 

vp14) (Fig. 23.3); one is ABA-insensitive (vpl).  
- Vivipary in the ABA-deficient mutants can be partially prevented by 

treatment with exogenous ABA. 
 Vivipary in maize also requires synthesis of GA early in embryogenesis as a 

positive signal; double mutants deficient in both GA and ABA do not exhibit 

vivipary. 
 In contrast to the maize mutants, single-gene mutants of Arabidopsis with 

ABA deficiency or insensitivity fail to exhibit vivipary, although they are 
nondormant.  

 The lack of vivipary might reflect a lack of moisture, because such seeds will 

germinate within the fruits under conditions of high relative humidity. 
 However, other Arabidopsis mutants with a normal ABA response and only 

moderately reduced ABA levels exhibit some vivipary even at low humidities. 
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3. Seed Storage Reserve Accumulation and Desiccation Tolerance 
 ABA promotes seed storage reserve accumulation and desiccation tolerance. 
 Seeds accumulate storage compounds, that will support seedling growth at 

germination, during mid-to late embryogenesis when seed ABA levels are 
highest.  

 Another important function of ABA in the developing seed is to promote the 
acquisition of desiccation tolerance.  
- Desiccation can severely damage membranes and other cellular 

constituents.  
 As maturing seeds begin to lose water, embryos accumulate sugars and so-

called late- embryoge-nesis-abundant (LEA) proteins;  
- these molecules are thought to interact to form a glassy state (a highly 

viscous liquid with very slow diffusion and therefore limited chemical 

reactions) involved in desiccation tolerance.  
 Physiological and genetic studies have shown that ABA affects the synthesis 

of LEAs and of storage proteins and lipids.  
- For example, exogenous ABA promotes embryos of many species, but 

some ABA-deficient or ABA-insensitive mutants fail to accumulate these 
proteins in response to applied ABA. 

 Synthesis of some LEA proteins, or related family members, can even be 

induced by ABA treatment of vegetative tissues.  
- These results suggest that the synthesis of most LEA proteins is under 

ABA control. 
 However, synthesis of both storage proteins and LEA proteins is also reduced 

in other seed development mutants with normal ABA levels and responses. 

- This indicates that ABA is only one of several signals controlling the 
expression of these genes during embryogenesis. 

 ABA can also maintain the mature embryo in a dormant state until the 
environmental conditions are optimal for growth.  

 

4. Seed Dormancy 
 Seed dormancy can be regulated by ABA and environmental factors. 

 During seed maturation, the embryo desiccates and enters a quiescent 
phase.  

- Seed germination can be defined as the resumption of growth of the 
embryo of the mature seed.  

 Germination depends on the same environmental conditions as vegetative 

growth does:  
- Water and oxygen must be available, the temperature must be suitable, 

and there must be no inhibitory substances present. 
 In many cases a viable (living) seed will not germinate even if all the 

necessary environmental conditions for growth are satisfied, the 

phenomenon known as seed dormancy.  
- Seed dormancy may result from coat-imposed dormancy, embryo 

dormancy, or both.  
- Dormancy imposed on the embryo by the seed coat and other enclosing 

tissues, such as endosperm, pericarp, or extrafloral organs, is known as 

coat-imposed dormancy. 
 The embryos of such seeds will germinate readily in the presence of water 

and oxygen once the seed coat and other surrounding tissues have been 
either removed or damaged.  

 In some cases, embryo dormancy can be relieved by amputation of the 

cotyledons. Species in which the cotyledons exert an inhibitory effed include 
European hazel (Corylus avellana) and European ash (Fraxinus excelsior). 
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 Embryo dormancy is thought to be due to the present of inhibitors, especially 

ABA, as well as the absence of growth promoters, such as GA. 
 Maintenance of dormancy in imbibed seeds requires de novo ABA 

biosynthesis, and the loss of embryo dormancy is often associated with a 
sharp decrease in the ratio of ABA to GA. 

 The levels of ABA and GA are regulated by their synthesis and catabolism, 
which are catalyzed by specific isozymes whose expression is controlled by 
developmental and environmental factors. 

 

5. ABA to GA Ratio 
 Seed dormancy is controlled by the ratio of ABA to GA. 
 ABA mutants have been useful in demonstrating the role of ABA in seed 

dormancy. Dormancy of Arabidopsis seeds can be overcome with a period of 

after-ripening and / or cold treatment.  
 ABA-deficient (aba) mutants of Arabidopsis have been shown to be 

nondormant at maturity.  
 When reciprocal crosses between aha and wild-type plants were carried out, 

the seeds exhibited dormancy only when the and following imbibition. 
Neither maternal nor exogenously applied ABA was effective in inducing 
dormancy in an aba embryo. M.  

 On the other hand, maternally derived ABA constitutes the majority of the 
ABA present in developing seeds and is required for other aspects of seed 

development—for example, helping suppress vivipary in mid-embryogenesis.  
- Thus the two sources of ABA function in different developmental 

pathways.  

 Dormancy is also greatly reduced in seeds from the ABA-insensitive mutants 
ABA-insensitive  1 (abi1), abi2, and abi3, even though these seeds contain 

higher ABA concentrations than those of the wild type throughout 
development, possibly reflecting feedback regulation of ABA metabolism.  
- Other mutants with reduced dormancy, but normal ABA levels and 

sensitivity, point to additional regulators of dormancy, including 
transcriptional regulation by effects on chromatin structure or 

transcription elongation. 
 An elegant demonstration of the importance of the ratio of ABA to GA in 

seeds was provided by the genetic screen that led to the isolation of the first 

ABA-deficient mutants of Arabidopsis. 
 Seeds of a GA- deficient mutant that could not germinate in the absence of 

exogenous GA were mutagenized and then grown in the greenhouse.  
 The seeds produced by these mutagenized plants were then screened for 

seeds that had regained their ability to germinate, called revertants. 

 Revertants were isolated, and they turned out to be mutants of abscisic acid 
synthesis. The revertants germinated because dormancy had not been 

induced, so subsequent synthesis of GA was no longer required to overcome 
it.  

 

6. GA-induced Enzyme Production 
 ABA inhibits GA-induced enzyme production. 

 In addition to the ABA—GA antagonism affecting seed dormancy, ABA 
inhibits the GA-induced synthesis of hydrolytic enzymes that are essential for 

the breakdown of storage reserves in germinating seeds.  
 For example, GA stimulates the aleurone layer of cereal grains to produce or-

amylase and other hydrolytic enzymes that break down stored resources in 

the endosperm during germination.  
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 ABA inhibits this GA-dependent enzyme synthesis by inhibiting the 

transcription of or-amylase mRNA. ABA exerts this inhibitory effect via at 
least two mechanisms, one direct and one indirect. 

 ABA inhibits this GA-dependent enzyme synthesis by inhibiting the 
transcription of or-amylase mRNA. ABA exerts this inhibitory effect via at 

least two mechanisms, one direct and one indirect: 
1. A protein originally identified as an activator of ABA—induced gene 

expression, VP1, acts as a transcriptional repressor of some GA-regulated 

genes. 
2. ABA represses the GA-induced expression of GAMYB, a transcription 

factor that mediates the GA induction of 0t—amylase expression. 
 

7. Root Growth and Shoot Growth 
 ABA promotes root growth and inhibits shoot growth at low water potentials. 
 ABA has different effects on the growth of roots and shoots,  and the effects 

are strongly dependent on the water status of the plant.  
 The growth of shoots and roots of maize seedlings grown under either 

abundant water conditions (high water potential, WW) or dehydrating 

conditions (low w) was compared (Fig. 23.11).  
 Two types of seedlings were used: (1) a wild type with normal ABA levels 

and (2) an ABA- deficient, viviparous mutant. 

 When the water supply is ample (high w), shoot growth is greater in the 
wild-type plant with normal endogenous ABA levels than in the ABA-deficient 

mutant (Fig. 23.11A).  
- Although the reduced shoot growth in the mutant could be due in part to 

excessive water loss from the leaves, the stunted shoot growth of ABA- 
deficient maize at high water potentials seems to be due to the 
overproduction of ethylene, which is normally inhibited by endogenous 

ABA.  
 

 
Fig. 23.11 Comparison of the growth of shoots (A) and roots (B) of normal versus 

ABA-deficient (viviparous, vp) maize plants growing in vermiculite maintained either 

at high water potential (‘PW = -0.03 MPa) or at low water potential (‘PW = -0.3 MPa 

in A and -1.6 MPa in B). Water stress (low WW) depresses the growth of both shoots 

and roots compared to the controls. (C) Under water stress conditions (low ‘PW, 

defined slightly differently for shoot and root), the ratio of root growth to shoot 

growth is  much higher when ABA is present (i.e., in the wild type) than when it is 

absent (in the mutant). (From Saab et al. 1990.) 
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8. Leaf Senescence 
 ABA promotes leaf senescence independently of ethylene. 
 Abscisic acid was originally isolated as an abscission- causing factor.  

 However, it has since become evident that ABA stimulates abscission of 
organs in only a few species and that the hormone primarily responsible for 

causing abscission is ethylene.  
- On the other hand, ABA is clearly involved in leaf senescence, and 

through its promotion of senescence it might indirectly increase ethylene 

formation and stimulate abscission.  
 Leaf senescence has been studied extensively, and turn leaves yellow as a 

result of chlorophyll breakdown. 
 ABA greatly accelerates the senescence of both leaf segments and attached 

leaves. 

 

9. ABA in Dormant Buds 
 ABA accumulates in dormant buds. For woody species in cold climates, bud 

dormancy is an important adaptive feature.  

 When a tree is exposed to very low temperatures in winter, bud scales 
protect its meristems and inhibit bud growth.  
- This response to low temperatures requires a sensory mechanism that 

detects the environmental changes (sensory signals), and a control 
system that transduces the sensory signals and triggers the 

developmental processes leading to bud dormancy.  
 ABA was originally suggested as the dormancy-inducing hormone because it 

accumulates in dormant buds and decreases after the tissue is exposed to 

low temperatures.  
 However, later studies showed that the ABA content of buds does not always 

correlate with the degree of dormancy. M.  
 Much progress has been achieved in elucidating the role of ABA in seed 

dormancy by the use of ABA-deficient mutants.  
- However, progress on the role of ABA in bud dormancy, a characteristic of 

woody perennials, has lagged because of the lack of a convenient genetic 

system. 
- This discrepancy illustrates the tremendous contribution that genetics and 

molecular biology have made to plant physiology, and underscores the 
need for extending such approaches to woody species.  

 Recent genetic mapping studies suggest that homologs of the protein 

phosphatase ABI1 may contribute to regulation of bud dormancy in poplar 
trees. 

 

10. ABA and Stomata Closure 
 ABA closes stomata in response to water stress. 
 Elucidation of the roles of ABA in freezing, salt, and water stress led to the 

characterization of ABA as a stress hormone. 

- As noted earlier, ABA concentrations in leaves can increase up to 50 times 
under drought conditions-the most dramatic change in concentration 

reported for any hormone in response to an environmental signal. 
- Redistribution or biosynthesis of ABA is very effective in causing stomatal 

closure, and its accumulation in stressed leaves plays an important role in 

the reduction of water loss by transpiration under water stress conditions 
(Fig. 23.4). 

 Increases in humidity reduce ABA levels by increasing catabolism in both 
vascular tissue and guard cells, thereby permitting stomata to re-open.  
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11. ABA and Guard Cells 
 ABA regulates ion channels and the plasma membrane ATPase in guard cells. 
 Stomatal closure is driven by a reduction in guard cell turgor pressure caused 

by a massive the K* efflux channels requires long-term membrane 
depolarization.  

 This depolarization appears to be triggered by two factors:  
- (1) an ABA-induced transient depolarization of the plasma membrane 

caused by the net influx of posi- tive charge, coupled with (2) transient 

increases in cytosolic calcium (Fig 23.12).  
- The combination of calcium influx a_nd the release of calcium from 

internal stores raises the cytosolic calcium concentration from 50 to 350 

n]\/I to as high as 1100 nM (1.1 M) (Fig. 23.13).  
 

 
Fig. 23.12 Simultaneous measurements of ABA- induced inward positive currents and 

ABA-induced in- creases in cytosolic Ca2+ concentrations in a guard cell of broad 

bean (Vicia faba). The current was measured by patch clamp technique; calcium was 

measured by use of a fluorescent indicator dye. ABA was added to the system at the 

arrow in each case. 

 

 

 
Fig. 23.13 Time course of the ABA-induced increase in guard cell cytosolic Ca2+ 

concentration (upper panel) and ABA-induced stomatal aperture (lower panel). The 

rise in Ca2+ begins within ~3 minutes, followed by decreased stomatal aperture 

within an additional 5 minutes.  


