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THE CYTOKININS WERE DISCOVERED in the search for factors that
stimulate plant cells to divide (i.e., undergo cytokinesis). Since their dis-
covery, cytokinins have been shown to have effects on many other phys-
iological and developmental processes, including leaf senescence, nutri-
ent mobilization, apical dominance, the formation and activity of shoot
apical meristems, floral development, the breaking of bud dormancy,
and seed germination. Cytokinins also appear to mediate many aspects
of light-regulated development, including chloroplast differentiation,
the development of autotrophic metabolism, and leaf and cotyledon
expansion.

Although cytokinins regulate many cellular processes, the control of
cell division is central in plant growth and development and is consid-
ered diagnostic for this class of plant growth regulators. For these rea-
sons we will preface our discussion of cytokinin function with a brief
consideration of the roles of cell division in normal development,
wounding, gall formation, and tissue culture. 

Later in the chapter we will examine the regulation of plant cell pro-
liferation by cytokinins. Then we will turn to cytokinin functions not
directly related to cell division: chloroplast differentiation, the preven-
tion of leaf senescence, and nutrient mobilization. Finally, we will con-
sider the molecular mechanisms underlying cytokinin perception and
signaling.

CELL DIVISION AND PLANT DEVELOPMENT
Plant cells form as the result of cell divisions in a primary or secondary
meristem. Newly formed plant cells typically enlarge and differentiate,
but once they have assumed their function—whether transport, pho-
tosynthesis, support, storage, or protection—usually they do not divide
again during the life of the plant. In this respect they appear to be sim-
ilar to animal cells, which are considered to be terminally differentiated. 

However, this similarity to the behavior of animal cells is only super-
ficial. Almost every type of plant cell that retains its nucleus at maturity



has been shown to be capable of dividing. This property
comes into play during such processes as wound healing
and leaf abscission.

Differentiated Plant Cells Can Resume Division
Under some circumstances, mature, differentiated plant
cells may resume cell division in the intact plant. In many
species, mature cells of the cortex and/or phloem resume
division to form secondary meristems, such as the vascular
cambium or the cork cambium. The abscission zone at the
base of a leaf petiole is a region where mature parenchyma
cells begin to divide again after a period of mitotic inactiv-
ity, forming a layer of cells with relatively weak cell walls
where abscission can occur (see Chapter 22).

Wounding of plant tissues induces cell divisions at the
wound site. Even highly specialized cells, such as phloem
fibers and guard cells, may be stimulated by wounding to
divide at least once. Wound-induced mitotic activity typi-
cally is self-limiting; after a few divisions the derivative cells
stop dividing and redifferentiate. However, when the soil-
dwelling bacterium Agrobacterium tumefaciens invades a
wound, it can cause the neoplastic (tumor-forming) disease
known as crown gall. This phenomenon is dramatic natural
evidence of the mitotic potential of mature plant cells.

Without Agrobacterium infection, the wound-induced
cell division would subside after a few days and some of
the new cells would differentiate as a protective layer of
cork cells or vascular tissue. However, Agrobacterium
changes the character of the cells that divide in response to
the wound, making them tumorlike. They do not stop
dividing; rather they continue to divide throughout the life
of the plant to produce an unorganized mass of tumorlike
tissue called a gall (Figure 21.1). We will have more to say
about this important disease later in this chapter.

Diffusible Factors May Control Cell Division
The considerations addressed in the previous section sug-
gest that mature plant cells stop dividing because they no
longer receive a particular signal, possibly a hormone, that
is necessary for the initiation of cell division. The idea that
cell division may be initiated by a diffusible factor origi-
nated with the Austrian plant physiologist G. Haberlandt,
who, in about 1913, demonstrated that vascular tissue con-
tains a water-soluble substance or substances that will stim-
ulate the division of wounded potato tuber tissue. The
effort to determine the nature of this factor (or factors) led
to the discovery of the cytokinins in the 1950s.

Plant Tissues and Organs Can Be Cultured
Biologists have long been intrigued by the possibility of
growing organs, tissues, and cells in culture on a simple
nutrient medium, in the same way that microorganisms
can be cultured in test tubes or on petri dishes. In the 1930s,
Philip White demonstrated that tomato roots can be grown
indefinitely in a simple nutrient medium containing only
sucrose, mineral salts, and a few vitamins, with no added
hormones (White 1934).

In contrast to roots, isolated stem tissues exhibit very lit-
tle growth in culture without added hormones in the
medium. Even if auxin is added, only limited growth may
occur, and usually this growth is not sustained. Frequently
this auxin-induced growth is due to cell enlargement only.
The shoots of most plants cannot grow on a simple
medium lacking hormones, even if the cultured stem tis-
sue contains apical or lateral meristems, until adventitious
roots form. Once the stem tissue has rooted, shoot growth
resumes, but now as an integrated, whole plant. 

These observations indicate that there is a difference in
the regulation of cell division in root and shoot meristems.
They also suggest that some root-derived factor(s) may reg-
ulate growth in the shoot.

Crown gall stem tissue is an exception to these general-
izations. After a gall has formed on a plant, heating the
plant to 42°C will kill the bacterium that induced gall for-
mation. The plant will survive the heat treatment, and its
gall tissue will continue to grow as a bacteria-free tumor
(Braun 1958).

Tissues removed from these bacteria-free tumors grow
on simple, chemically defined culture media that would
not support the proliferation of normal stem tissue of the
same species. However, these stem-derived tissues are not
organized. Instead they grow as a mass of disorganized,
relatively undifferentiated cells called callus tissue.

Callus tissue sometimes forms naturally in response to
wounding, or in graft unions where stems of two different
plants are joined. Crown gall tumors are a specific type of
callus, whether they are growing attached to the plant or
in culture. The finding that crown gall callus tissue can be
cultured demonstrated that cells derived from stem tissues
are capable of proliferating in culture and that contact with
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FIGURE 21.1 Tumor that formed on a tomato stem infected
with the crown gall bacterium, Agrobacterium tumefaciens. Two
months before this photo was taken the stem was wounded
and inoculated with a virulent strain of the crown gall bac-
terium. (From Aloni et al. 1998, courtesy of R. Aloni.) 



the bacteria may cause the stem cells to produce cell divi-
sion–stimulating factors.

THE DISCOVERY, IDENTIFICATION, AND
PROPERTIES OF CYTOKININS
A great many substances were tested in an effort to initiate
and sustain the proliferation of normal stem tissues in cul-
ture. Materials ranging from yeast extract to tomato juice
were found to have a positive effect, at least with some tis-
sues. However, culture growth was stimulated most dra-
matically when the liquid endosperm of coconut, also
known as coconut milk, was added to the culture medium. 

Philip White’s nutrient medium, supplemented with an
auxin and 10 to 20% coconut milk, will support the con-
tinued cell division of mature, differentiated cells from a
wide variety of tissues and species, leading to the forma-
tion of callus tissue (Caplin and Steward 1948). This find-
ing indicated that coconut milk contains a substance or
substances that stimulate mature cells to enter and remain
in the cell division cycle. 

Eventually coconut milk was shown to contain the
cytokinin zeatin, but this finding was not obtained until
several years after the discovery of the cytokinins (Letham
1974). The first cytokinin to be discovered was the synthetic
analog kinetin.

Kinetin Was Discovered as a Breakdown Product
of DNA
In the 1940s and 1950s, Folke Skoog and coworkers at the
University of Wisconsin tested many substances for their
ability to initiate and sustain the proliferation of cultured
tobacco pith tissue. They had observed that the nucleic acid
base adenine had a slight promotive effect, so they tested
the possibility that nucleic acids would stimulate division
in this tissue. Surprisingly, autoclaved herring sperm DNA
had a powerful cell division–promoting effect.

After much work, a small molecule was identified from
the autoclaved DNA and named kinetin. It was shown to
be an adenine (or aminopurine) derivative, 6-furfury-
laminopurine (Miller et al. 1955):

In the presence of an auxin, kinetin would stimulate
tobacco pith parenchyma tissue to proliferate in culture. No
kinetin-induced cell division occurs without auxin in the
culture medium. (For more details, see Web Topic 21.1.)

Kinetin is not a naturally occurring plant growth regu-
lator, and it does not occur as a base in the DNA of any
species. It is a by-product of the heat-induced degradation
of DNA, in which the deoxyribose sugar of adenosine is
converted to a furfuryl ring and shifted from the 9 position
to the 6 position on the adenine ring.

The discovery of kinetin was important because it demon-
strated that cell division could be induced by a simple chem-
ical substance. Of greater importance, the discovery of kinetin
suggested that naturally occurring molecules with structures
similar to that of kinetin regulate cell division activity within
the plant. This hypothesis proved to be correct.

Zeatin Is the Most Abundant Natural Cytokinin
Several years after the discovery of kinetin, extracts of the
immature endosperm of corn (Zea mays) were found to
contain a substance that has the same biological effect as
kinetin. This substance stimulates mature plant cells to
divide when added to a culture medium along with an
auxin. Letham (1973) isolated the molecule responsible for
this activity and identified it as trans-6-(4-hydroxy-3-
methylbut-2-enylamino)purine, which he called zeatin:

The molecular structure of zeatin is similar to that of
kinetin. Both molecules are adenine or aminopurine
derivatives. Although they have different side chains, in
both cases the side chain is attached to the 6 nitrogen of
the aminopurine. Because the side chain of zeatin has a
double bond, it can exist in either the cis or the trans con-
figuration.

In higher plants, zeatin occurs in both the cis and the
trans configurations, and these forms can be interconverted
by an enzyme known as zeatin isomerase. Although the trans
form of zeatin is much more active in biological assays, the
cis form may also play important roles, as suggested by the
fact that it has been found in high levels in a number of
plant species and particular tissues. A gene encoding a glu-
cosyl transferase enzyme specific to cis-zeatin has recently
been cloned, which further supports a biological role for
this isoform of zeatin.

Since its discovery in immature maize endosperm,
zeatin has been found in many plants and in some bacte-
ria. It is the most prevalent cytokinin in higher plants, but
other substituted aminopurines that are active as
cytokinins have been isolated from many plant and bac-
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terial species. These aminopurines differ from zeatin in the
nature of the side chain attached to the 6 nitrogen or in the
attachment of a side chain to carbon 2:

In addition, these cytokinins can be present in the plant
as a riboside (in which a ribose sugar is attached to the 9
nitrogen of the purine ring), a ribotide (in which the ribose
sugar moiety contains a phosphate group), or a glycoside
(in which a sugar molecule is attached to the 3, 7, or 9 nitro-
gen of the purine ring, or to the oxygen of the zeatin or
dihydrozeatin side chain) (see Web Topic 21.2).

Some Synthetic Compounds Can Mimic or
Antagonize Cytokinin Action
Cytokinins are defined as compounds that have biological
activities similar to those of trans-zeatin. These activities
include the ability to do the following:

• Induce cell division in callus cells in the presence of
an auxin

• Promote bud or root formation from callus cultures
when in the appropriate molar ratios to auxin

• Delay senescence of leaves

• Promote expansion of dicot cotyledons

Many chemical compounds have been synthesized and
tested for cytokinin activity. Analysis of these compounds
provides insight into the structural requirements for activ-
ity. Nearly all compounds active as cytokinins are N6-sub-
stituted aminopurines, such as benzyladenine (BA): 

and all the naturally occurring cytokinins are aminopurine
derivatives. There are also synthetic cytokinin compounds
that have not been identified in plants, most notable of
which are the diphenylurea-type cytokinins, such as thidi-
azuron, which is used commercially as a defoliant and an
herbicide:

In the course of determining the structural requirements
for cytokinin activity, investigators found that some mole-
cules act as cytokinin antagonists:

These molecules are able to block the action of cytokinins,
and their effects may be overcome by the addition of more
cytokinin. Naturally occurring molecules with cytokinin
activity may be detected and identified by a combination
of physical methods and bioassays (see Web Topic 21.3).

Cytokinins Occur in Both Free and Bound Forms
Hormonal cytokinins are present as free molecules (not
covalently attached to any macromolecule) in plants and
certain bacteria. Free cytokinins have been found in a wide
spectrum of angiosperms and probably are universal in
this group of plants. They have also been found in algae,
diatoms, mosses, ferns, and conifers. 

The regulatory role of cytokinins has been demonstrated
only in angiosperms, conifers, and mosses, but they may
function to regulate the growth, development, and metab-
olism of all plants. Usually zeatin is the most abundant nat-
urally occurring free cytokinin, but dihydrozeatin (DZ) and
isopentenyl adenine (iP) also are commonly found in higher
plants and bacteria. Numerous derivatives of these three
cytokinins have been identified in plant extracts (see the
structures illustrated in Figure 21.6).

Transfer RNA (tRNA) contains not only the four
nucleotides used to construct all other forms of RNA, but
also some unusual nucleotides in which the base has been
modified. Some of these “hypermodified” bases act as
cytokinins when the tRNA is hydrolyzed and tested in one
of the cytokinin bioassays. Some plant tRNAs contain cis-
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zeatin as a hypermodified base. However, cytokinins are
not confined to plant tRNAs. They are part of certain
tRNAs from all organisms, from bacteria to humans. (For
details, see Web Topic 21.4.)

The Hormonally Active Cytokinin Is the Free Base
It has been difficult to determine which species of cytokinin
represents the active form of the hormone, but the recent
identification of the cytokinin receptor CRE1 has allowed
this question to be addressed. The relevant experiments have
shown that the free-base form of trans-zeatin, but not its ribo-
side or ribotide derivatives, binds directly to CRE1, indicat-
ing that the free base is the active form (Yamada et al. 2001).

Although the free-base form of trans-zeatin is thought to
be the hormonally active cytokinin, some other compounds
have cytokinin activity, either because they are readily con-
verted to zeatin, dihydrozeatin, or isopentenyl adenine, or
because they release these compounds from other mole-
cules, such as cytokinin glucosides. For example, tobacco
cells in culture do not grow unless cytokinin ribosides sup-
plied in the culture medium are converted to the free base. 

In another example, excised radish cotyledons grow
when they are cultured in a solution containing the
cytokinin base benzyladenine (BA, an N6-substituted
aminopurine cytokinin). The cultured cotyledons readily
take up the hormone and convert it to various BA gluco-
sides, BA ribonucleoside, and BA ribonucleotide. When the
cotyledons are transferred back to a medium lacking a
cytokinin, their growth rate declines, as do the concentra-
tions of BA, BA ribonucleoside, and BA ribonucleotide in
the tissues. However, the level of the BA glucosides
remains constant. This finding suggests that the glucosides
cannot be the active form of the hormone.

Some Plant Pathogenic Bacteria, Insects, and
Nematodes Secrete Free Cytokinins
Some bacteria and fungi are intimately associated with
higher plants. Many of these microorganisms produce and
secrete substantial amounts of cytokinins and/or cause the
plant cells to synthesize plant hormones, including
cytokinins (Akiyoshi et al. 1987). The cytokinins produced
by microorganisms include trans-zeatin, [9R]iP, cis-zeatin,
and their ribosides (Figure 21.2). Infection of plant tissues
with these microorganisms can induce the tissues to divide
and, in some cases, to form special structures, such as myc-
orrhizae, in which the microorganism can reside in a mutu-
alistic relationship with the plant.

In addition to the crown gall bacterium, Agrobacterium
tumefaciens, other pathogenic bacteria may stimulate plant
cells to divide. For example, Corynebacterium fascians is a
major cause of the growth abnormality known as witches’-
broom (Figure 21.3). The shoots of plants infected by C. fas-
cians resemble an old-fashioned straw broom because the
lateral buds, which normally remain dormant, are stimu-
lated by the bacterial cytokinin to grow (Hamilton and
Lowe 1972).
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Infection with a close relative of the crown gall organ-
ism, Agrobacterium rhizogenes, causes masses of roots
instead of callus tissue to develop from the site of infec-
tion. A. rhizogenes is able to modify cytokinin metabolism
in infected plant tissues through a mechanism that will be
described later in this chapter.

Certain insects secrete cytokinins, which may play a
role in the formation of galls utilized by these insects as
feeding sites. Root-knot nematodes also produce
cytokinins, which may be involved in manipulating host
development to produce the giant cells from which the
nematode feeds (Elzen 1983).

BIOSYNTHESIS, METABOLISM, AND
TRANSPORT OF CYTOKININS
The side chains of naturally occurring cytokinins are
chemically related to rubber, carotenoid pigments, the
plant hormones gibberellin and abscisic acid, and some of
the plant defense compounds known as phytoalexins. All
of these compounds are constructed, at least in part, from
isoprene units (see Chapter 13). 

Isoprene is similar in structure to the side chains of
zeatin and iP (see the structures illustrated in Figure 21.6).
These cytokinin side chains are synthesized from an iso-
prene derivative. Large molecules of rubber and the
carotenoids are constructed by the polymerization of
many isoprene units; cytokinins contain just one of these
units. The precursor(s) for the formation of these isoprene
structures are either mevalonic acid or pyruvate plus 3-
phosphoglycerate, depending on which pathway is
involved (see Chapter 13). These precursors are converted
to the biological isoprene unit dimethylallyl diphosphate
(DMAPP).

Crown Gall Cells Have Acquired a Gene for
Cytokinin Synthesis
Bacteria-free tissues from crown gall tumors proliferate in
culture without the addition of any hormones to the cul-
ture medium. Crown gall tissues contain substantial
amounts of both auxin and free cytokinins. Furthermore,
when radioactively labeled adenine is fed to periwinkle
(Vinca rosea) crown gall tissues, it is incorporated into both
zeatin and zeatin riboside, demonstrating that gall tissues
contain the cytokinin biosynthetic pathway. Control stem
tissue, which has not been transformed by Agrobacterium,
does not incorporate labeled adenine into cytokinins.

During infection by Agrobacterium tumefaciens, plant
cells incorporate bacterial DNA into their chromosomes.
The virulent strains of Agrobacterium contain a large plas-
mid known as the Ti plasmid. Plasmids are circular pieces
of extrachromosomal DNA that are not essential for the
life of the bacterium. However, plasmids frequently con-
tain genes that enhance the ability of the bacterium to sur-
vive in special environments.

A small portion of the Ti plasmid, known as the T-
DNA, is incorporated into the nuclear DNA of the host
plant cell (Figure 21.4) (Chilton et al. 1977). T-DNA carries
genes necessary for the biosynthesis of trans-zeatin and
auxin, as well as a member of a class of unusual nitrogen-
containing compounds called opines (Figure 21.5). Opines
are not synthesized by plants except after crown gall trans-
formation.

The T-DNA gene involved in cytokinin biosynthesis—
known as the ipt1 gene—encodes an isopentenyl trans-
ferase (IPT) enzyme that transfers the isopentenyl group
from DMAPP to AMP (adenosine monophosphate) to form
isopentenyl adenine ribotide (Figure 21.6) (Akiyoshi et al.
1984; Barry et al. 1984). The ipt gene has been called the tmr
locus because, when inactivated by mutation, it results in
“rooty” tumors. Isopentenyl adenine ribotide can be con-
verted to the active cytokinins isopentenyl adenine, trans-
zeatin, and dihydrozeatin by endogenous enzymes in plant
cells. This conversion route is similar to the pathway for
cytokinin synthesis that has been postulated for normal tis-
sue (see Figure 21.6).

The T-DNA also contains two genes encoding enzymes
that convert tryptophan to the auxin indole-3-acetic acid
(IAA). This pathway of auxin biosynthesis differs from the
one in nontransformed cells and involves indoleacetamide
as an intermediate (see Figure 19.6). The ipt gene and the
two auxin biosynthetic genes of T-DNA are phyto-onco-
genes, since they can induce tumors in plants (see Web
Topic 21.5).

Because their promoters are plant eukaryotic promoters,
none of the T-DNA genes are expressed in the bacterium;
rather they are transcribed after they are inserted into the
plant chromosomes. Transcription of the genes leads to
synthesis of the enzymes they encode, resulting in the pro-
duction of zeatin, auxin, and an opine. The bacterium can
utilize the opine as a nitrogen source, but cells of higher
plants cannot. Thus, by transforming the plant cells, the
bacterium provides itself with an expanding environment
(the gall tissue) in which the host cells are directed to pro-
duce a substance (the opine) that only the bacterium can
utilize for its nutrition (Bomhoff et al. 1976).

An important difference between the control of
cytokinin biosynthesis in crown gall tissues and in normal
tissues is that the T-DNA genes for cytokinin synthesis are
expressed in all infected cells, even those in which the
native plant genes for biosynthesis of the hormone are nor-
mally repressed.

IPT Catalyzes the First Step in Cytokinin
Biosynthesis
The first committed step in cytokinin biosynthesis is the
transfer of the isopentenyl group of dimethylallyl diphos-
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1 Bacterial genes, unlike plant genes, are written in lower-
case italics.



phate (DMAPP ) to an adenosine moiety. An enzyme that
catalyzes such an activity was first identified in the cellu-
lar slime mold Dictyostelium discoideum, and subsequently
the ipt gene from Agrobacterium was found to encode such
an enzyme. In both cases, DMAPP and AMP are converted
to isopentenyladenosine-5′-monophosphate (iPMP).

As noted earlier, cytokinins are also present in the
tRNAs of most cells, including plant and animal cells. The
tRNA cytokinins are synthesized by modification of spe-
cific adenine residues within the fully transcribed tRNA.
As with the free cytokinins, isopentenyl groups are trans-
ferred to the adenine molecules from DMAPP by an
enzyme call tRNA-IPT. The genes for tRNA-IPT have been
cloned from many species.
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The possibility that free cytokinins are derived from
tRNA has been explored extensively. Although the tRNA-
bound cytokinins can act as hormonal signals for plant cells
if the tRNA is degraded and fed back to the cells, it is
unlikely that any significant amount of the free hormonal
cytokinin in plants is derived from the turnover of tRNA.

An enzyme with IPT activity was identified from crude
extracts of various plant tissues, but researchers were
unable to purify the protein to homogeneity. Recently, plant
IPT genes were cloned after the Arabidopsis genome was
analyzed for potential ipt-like sequences (Kakimoto 2001;
Takei et al. 2001). Nine different IPT genes were identified
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in Arabidopsis—many more than are present in animal
genomes, which generally contain only one or two such
genes used in tRNA modification. 

Phylogenetic analysis revealed that one of the Arabidop-
sis IPT genes resembles bacterial tRNA-ipt, another resem-
bles eukaryotic tRNA-IPT, and the other seven form a dis-
tinct group or clade together with other plant sequences
(see Web Topic 21.6). The grouping of the seven Arabidop-
sis IPT genes in this unique plant clade provided a clue that
these genes may encode the cytokinin biosynthetic enzyme. 

The proteins encoded by these genes were expressed in
E. coli and analyzed. It was found that, with the exception
of the gene most closely related to the animal tRNA-IPT
genes, these genes encoded proteins capable of synthesiz-
ing free cytokinins. Unlike their bacterial counterparts, how-
ever, the Arabidopsis enzymes that have been analyzed uti-
lize ATP and ADP preferentially over AMP (see Figure 21.6).

Cytokinins from the Root Are Transported 
to the Shoot via the Xylem
Root apical meristems are major sites of synthesis of the
free cytokinins in whole plants. The cytokinins synthesized
in roots appear to move through the xylem into the shoot,
along with the water and minerals taken up by the roots.
This pathway of cytokinin movement has been inferred
from the analysis of xylem exudate.

When the shoot is cut from a rooted plant near the soil
line, the xylem sap may continue to flow from the cut
stump for some time. This xylem exudate contains cyto-
kinins. If the soil covering the roots is kept moist, the flow
of xylem exudate can continue for several days. Because
the cytokinin content of the exudate does not diminish, the
cytokinins found in it are likely to be synthesized by the
roots. In addition, environmental factors that interfere with
root function, such as water stress, reduce the cytokinin
content of the xylem exudate (Itai and Vaadia 1971). Con-
versely, resupply of nitrate to nitrogen-starved maize roots
results in an elevation of the concentration of cytokinins in
the xylem sap (Samuelson 1992), which has been correlated
to an induction of cytokinin-regulated gene expression in
the shoots (Takei et al. 2001).

Although the presence of cytokinin in the xylem is well
established, recent grafting experiments have cast doubt on
the presumed role of this root-derived cytokinin in shoot
development. Tobacco transformed with an inducible ipt
gene from Agrobacterium displayed increased lateral bud
outgrowth and delayed senescence. 

To assess the role of cytokinin derived from the root, the
tobacco root stock engineered to overproduce cytokinin
was grafted to a wild-type shoot. Surprisingly, no pheno-
typic consequences were observed in the shoot, even
though an increased concentration of cytokinin was mea-
sured in the transpiration stream (Faiss et al. 1997). Thus
the excess cytokinin in the roots had no effect on the
grafted shoot.

Roots are not the only parts of the plant capable of syn-
thesizing cytokinins. For example, young maize embryos
synthesize cytokinins, as do young developing leaves,
young fruits, and possibly many other tissues. Clearly, fur-
ther studies will be needed to resolve the roles of
cytokinins transported from the root versus cytokinins
synthesized in the shoot.

A Signal from the Shoot Regulates the Transport
of Zeatin Ribosides from the Root
The cytokinins in the xylem exudate are mainly in the
form of zeatin ribosides. Once they reach the leaves, some
of these nucleosides are converted to the free-base form or
to glucosides (Noodén and Letham 1993). Cytokinin glu-
cosides may accumulate to high levels in seeds and in
leaves, and substantial amounts may be present even in
senescing leaves. Although the glucosides are active as
cytokinins in bioassays, often they lack hormonal activ-
ity after they form within cells, possibly because they are
compartmentalized in such a way that they are unavail-
able. Compartmentation may explain the conflicting obser-
vations that cytokinins are transported readily by the
xylem but that radioactive cytokinins applied to leaves in
intact plants do not appear to move from the site of appli-
cation.

Evidence from grafting experiments with mutants sug-
gests that the transport of zeatin riboside from the root to
the shoot is regulated by signals from the shoot. The rms4
mutant of pea (Pisum sativum L.) is characterized by a 40-
fold decrease in the concentration of zeatin riboside in the
xylem sap of the roots. However, grafting a wild-type shoot
onto an rms4 mutant root increased the zeatin riboside lev-
els in the xylem exudate to wild-type levels. Conversely,
grafting an rms4 mutant shoot onto a wild-type root low-
ered the concentration of zeatin riboside in the xylem exu-
date to mutant levels (Beveridge et al. 1997).

These results suggest that a signal from the shoot can
regulate cytokinin transport from the root. The identity of
this signal has not yet been determined.

Cytokinins Are Rapidly Metabolized by 
Plant Tissues
Free cytokinins are readily converted to their respective
nucleoside and nucleotide forms. Such interconversions
likely involve enzymes common to purine metabolism.

Many plant tissues contain the enzyme cytokinin oxi-
dase, which cleaves the side chain from zeatin (both cis
and trans), zeatin riboside, iP, and their N-glucosides, but
not their O-glucoside derivatives (Figure 21.7). However,
dihydrozeatin and its conjugates are resistant to cleavage.
Cytokinin oxidase irreversibly inactivates cytokinins, and
it could be important in regulating or limiting cytokinin
effects. The activity of the enzyme is induced by high
cytokinin concentrations, due at least in part to an eleva-
tion of the RNA levels for a subset of the genes.
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A gene encoding cytokinin oxidase was first identified
in maize (Houba-Herin et al. 1999; Morris et al. 1999). In
Arabidopsis, cytokinin oxidase is encoded by a multigene
family whose members show distinct patterns of expres-
sion. Interestingly, several of the genes contain putative
secretory signals, suggesting that at least some of these
enzymes may be extracellular.

Cytokinin levels can also be regulated by conjugation of
the hormone at various positions. The nitrogens at the 3, 7,
and 9 positions of the adenine ring of cytokinins can be
conjugated to glucose residues. Alanine can also be conju-
gated to the nitrogen at the 9 positon, forming lupinic acid.
These modifications are generally irreversible, and such
conjugated forms of cytokinin are inactive in bioassays,
with the exception of the N3-glucosides.

The hydroxyl group of the side chain of cytokinins is
also the target for conjugation to glucose residues, or in
some cases xylose residues, yielding O-glucoside and O-
xyloside cytokinins. O-glucosides are resistant to cleavage
by cytokinin oxidases, which may explain why these deriv-
atives have higher biological activity in some assays than
their corresponding free bases have. 

Enzymes that catalyze the conjugation of either glucose
or xylose to zeatin have been purified, and their respective
genes have been cloned (Martin et al. 1999). These enzymes
have stringent substrate specificities for the sugar donor
and the cytokinin bases. Only free trans-zeatin and dihy-
drozeatin bases are efficient substrates; the corresponding
nucleosides are not substrates, nor is cis-zeatin. The speci-
ficity of these enzymes suggests that the conjugation to the
side chain is precisely regulated.

The conjugations at the side chain can be removed by
glucosidase enzymes to yield free cytokinins, which, as dis-
cussed earlier, are the active forms. Thus, cytokinin gluco-
sides may be a storage form, or metabolically inactive state,
of these compounds. A gene encoding a glucosidase that can
release cytokinins from sugar conjugates has been cloned
from maize, and its expression could play an important role
in the germination of maize seeds (Brzobohaty et al. 1993). 

Dormant seeds often have high levels of cytokinin glu-
cosides but very low levels of hormonally active free
cytokinins. Levels of free cytokinins increase rapidly, how-

ever, as germination is initiated, and this increase in free
cytokinins is accompanied by a corresponding decrease in
cytokinin glucosides.

THE BIOLOGICAL ROLES OF CYTOKININS
Although discovered as a cell division factor, cytokinins
can stimulate or inhibit a variety of physiological, meta-
bolic, biochemical, and developmental processes when
they are applied to higher plants, and it is increasingly
clear that endogenous cytokinins play an important role in
the regulation of these events in the intact plant.

In this section we will survey some of the diverse effects
of cytokinin on plant growth and development, including
a discussion of its role in regulating cell division. The dis-
covery of the tumor-inducing Ti plasmid in the plant-path-
ogenic bacterium Agrobacterium tumefaciens provided plant
scientists with a powerful new tool for introducing foreign
genes into plants, and for studying the role of cytokinin in
development. In addition to its role in cell proliferation,
cytokinin affects many other processes, including differen-
tiation, apical dominance, and senescence.

Cytokinins Regulate Cell Division in Shoots 
and Roots
As discussed earlier, cytokinins are generally required for
cell division of plant cells in vitro. Several lines of evidence
suggest that cytokinins also play key roles in the regulation
of cell division in vivo.

Much of the cell division in an adult plant occurs in the
meristems (see Chapter 16). Localized expression of the ipt
gene of Agrobacterium in somatic sectors of tobacco leaves
causes the formation of ectopic (abnormally located) meris-
tems, indicating that elevated levels of cytokinin are suf-
ficient to initiate cell divisions in these leaves (Estruch et al.
1991). Elevation of endogenous cytokinin levels in trans-
genic Arabidopsis results in overexpression of the KNOT-
TED homeobox transcription factor homologs KNAT1 and
STM—genes that are important in the regulation of meris-
tem function (see Chapter 16) (Rupp et al. 1999). Interest-
ingly, overexpression of KNAT1 also appears to elevate
cytokinin levels in transgenic tobacco, suggesting an inter-
dependent relationship between KNAT and the level of
cytokinins.

Overexpression of several of the Arabidopsis cytokinin
oxidase genes in tobacco results in a reduction of endoge-
nous cytokinin levels and a consequent strong retardation
of shoot development due to a reduction in the rate of cell
proliferation in the shoot apical meristem (Figures 21.8 and
21.9) (Werner et al. 2001). This finding strongly supports
the notion that endogenous cytokinins regulate cell divi-
sion in vivo.

Surprisingly, the same overexpression of cytokinin oxi-
dase in tobacco led to an enhancement of root growth (Fig-
ure 21.10), primarily by increasing the size of the root api-
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cal meristem (Figure 21.11). Since the root is a major source
of cytokinin, this result may indicate that cytokinins play
opposite roles in regulating cell proliferation in root and
shoot meristems.

An additional line of evidence linking cytokinin to the
regulation of cell division in vivo came from analyses of

mutations in the cytokinin receptor (which will be dis-
cussed later in the chapter). Mutations in the cytokinin
receptor disrupt the development of the root vasculature.
Known as cre1, these mutants have no phloem in their
roots; the root vascular system is composed almost entirely
of xylem (see Chapters 4 and 10). 

Further analysis revealed that this defect was due to an
insufficient number of vasculature stem cells. That is, at the
time of differentiation of the phloem and xylem, the pool
of stem cells is abnormally small in cre1 mutants; all the
cells become committed to a xylem fate, and no stem cells
remain to specify phloem. These results indicate that
cytokinin plays a key role in regulating proliferation of the
vasculature stem cells of the root.

Cytokinins Regulate Specific Components of the
Cell Cycle
Cytokinins regulate cell division by affecting the controls
that govern the passage of the cell through the cell division
cycle. Zeatin levels were found to peak in synchronized
culture tobacco cells at the end of S phase, mitosis, and G1
phase. 

Cytokinins were discovered in relation to their ability to
stimulate cell division in tissues supplied with an optimal
level of auxin. Evidence suggests that both auxin and
cytokinins participate in regulation of the cell cycle and that
they do so by controlling the activity of cyclin-dependent
kinases. As discussed in Chapter 1, cyclin-dependent protein
kinases (CDKs), in concert with their regulatory subunits, the
cyclins, are enzymes that regulate the eukaryotic cell cycle.

The expression of the gene that encodes the major CDK,
Cdc2 (cell division cycle 2), is regulated by auxin (see Chap-
ter 19). In pea root tissues, CDC2 mRNA was induced
within 10 minutes after treatment with auxin, and high lev-
els of CDK are induced in tobacco pith when it is cultured
on medium containing auxin (John et al. 1993). However,
the CDK induced by auxin is enzymatically inactive, and
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FIGURE 21.9 Cytokinin is required for normal growth of the shoot apical meristem. 
(A) Longitudinal section through the shoot apical meristem of a wild-type tobacco plant.
(B) Longitudinal section through the shoot apical meristem of a transgenic tobacco over-
expressing the gene that encodes cytokinin oxidase (AtCKX1). Note the reduction in the
size of the apical meristem in the cytokinin-deficient plant. (From Werner et al. 2001.)

FIGURE 21.8 Tobacco plants overexpressing the gene for
cytokinin oxidase. The plant on the left is wild type. The
two plants on the right are overexpressing two different
constructs of the Arabidopsis gene for cytokinin oxidase:
AtCKX1 and AtCKX2. Shoot growth is strongly inhibited in
the transgenic plants. (From Werner et al. 2001.)

(A) (B)



high levels of CDK alone are not sufficient to permit cells
to divide. 

Cytokinin has been linked to the activation of a Cdc25-
like phosphatase, whose role is to remove an inhibitory
phosphate group from the Cdc2 kinase (Zhang et al. 1996).
This action of cytokinin provides one potential link
between cytokinin and auxin in regulating the cell cycle.

Recently, a second major input for cytokinin in regulating
the cell cycle has emerged. Cytokinins elevate the expression
of the CYCD3 gene, which encodes a D-type cyclin (Soni et
al. 1995; Riou-Khamlichi et al. 1999). In animal cells, D-type
cyclins are regulated by a wide variety of growth factors and
play a key role in regulating the passage through the restric-
tion point of the cell cycle in G1. D-type cyclins are thus key
players in the regulation of cell proliferation.

In Arabidopsis, CYCD3 is expressed in proliferating tis-
sues such as shoot meristems and young leaf primordia. In

a crucial experiment, it was found that overexpression of
CYCD3 can bypass the cytokinin requirement for cell pro-
liferation in culture (Figure 21.12) (Riou-Khamlichi et al.
1999). These and other results suggest that a major mecha-
nism for cytokinin’s ability to stimulate cell division is its
increase of CYCD3 function.

The Auxin: Cytokinin Ratio Regulates
Morphogenesis in Cultured Tissues
Shortly after the discovery of kinetin, it was observed that
the differentiation of cultured callus tissue derived from
tobacco pith segments into either roots or shoots depends on
the ratio of auxin to cytokinin in the culture medium.
Whereas high auxin:cytokinin ratios stimulated the forma-
tion of roots, low auxin:cytokinin ratios led to the formation
of shoots. At intermediate levels the tissue grew as an undif-
ferentiated callus (Figure 21.13) (Skoog and Miller 1965).

The effect of auxin:
cytokinin ratios on morpho-
genesis can also be seen in
crown gall tumors by muta-
tion of the T-DNA of the
Agrobacterium Ti plasmid
(Garfinkel et al. 1981). Mutat-
ing the ipt gene (the tmr locus)
of the Ti plasmid blocks
zeatin biosynthesis in the
infected cells. The resulting
high auxin:cytokinin ratio in
the tumor cells causes the
proliferation of roots instead
of undifferentiated callus tis-
sue. In contrast, mutating
either of the genes for auxin
biosynthesis (tms locus) low-

FIGURE 21.11 Cytokinin suppresses the size and cell divi-
sion activity of roots. (A) Wild type. (B) AtCKX1. These
roots were stained with the fluorescent dye, 4’, 6-
diamidino-2-phenylindole, which stains the nucleus. (From
Werner et al. 2001.)

(A) (B)

FIGURE 21.12 CYCD3-
expressing callus cells can
divide in the absence of
cytokinin. Leaf explants from
transgenic Arabidopsis plants
expressing CYCD3 under a
cauliflower mosaic virus 35S
promoter were induced to
form calluses through cultur-
ing in the presence of auxin
plus cytokinin or auxin alone.
The wild-type control calluses
required cytokinin to grow.
The CYCD3-expressing cal-
luses grew well on medium
containing auxin alone. The
photographs were taken after
29 days. (From Riou-
Khamlichi et al. 1999.)

FIGURE 21.10 Cytokinin suppresses the growth of roots.
The cytokinin-deficient AtCKX1 roots (right) are larger than
those of the wild-type tobacco plant (left). (From Werner et
al. 2001.)
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ers the auxin:cytokinin ratio and stimulates the pro-
liferation of shoots (Figure 21.14) (Akiyoshi et al.
1983). These partially differentiated tumors are
known as teratomas.

Cytokinins Modify Apical Dominance and
Promote Lateral Bud Growth
One of the primary determinants of plant form is the
degree of apical dominance (see Chapter 19). Plants
with strong apical dominance, such as maize, have
a single growing axis with few lateral branches. In
contrast, many lateral buds initiate growth in
shrubby plants.

Although apical dominance may be determined
primarily by auxin, physiological studies indicate that
cytokinins play a role in initiating the growth of lat-
eral buds. For example, direct applications of cyto-
kinins to the axillary buds of many species stimulate
cell division activity and growth of the buds.

The phenotypes of cytokinin-overproducing
mutants are consistent with this result. Wild-type
tobacco shows strong apical dominance during veg-
etative development, and the lateral buds of
cytokinin overproducers grow vigorously, develop-
ing into shoots that compete with the main shoot.
Consequently, cytokinin-overproducing plants tend
to be bushy.
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FIGURE 21.13 The regulation of growth and organ formation in
cultured tobacco callus at different concentrations of auxin and
kinetin. At low auxin and high kinetin concentrations (lower left)
buds developed. At high auxin and low kinetin concentrations
(upper right) roots developed. At intermediate or high concentra-
tions of both hormones (middle and lower right) undifferentiated
callus developed. (Courtesy of Donald Armstrong.)

T-DNA
Genes for
auxin biosynthesis 

Gene for 
cytokinin 
biosynthesis
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tumor growth

Gene for 
octopine
synthase

Mutation or deletion
of these regions gives
Ti plasmids that 
initiate tumors with 
specific characteristics:

tms tmr tml

Shooty tumors 
produced by tms 
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Rooty tumors produced 
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FIGURE 21.14 Map of the T-DNA from an Agrobacterium Ti
plasmid, showing the effects of T-DNA mutations on crown
gall tumor morphology. Genes 1 and 2 encode the two
enzymes involved in auxin biosynthesis; gene 4 encodes a

cytokinin biosynthesis enzyme. Mutations in these genes
produce the phenotypes illustrated. (From Morris 1986,
courtesy of R. Morris.)



Cytokinins Induce Bud Formation in a Moss

Thus far we have restricted our discussion of plant hor-
mones to the angiosperms. However, many plant hormones
are present and developmentally active in representative
species throughout the plant kingdom. The moss Funaria
hygrometrica is a well-studied example. The germination of
moss spores gives rise to a filament of cells called a pro-
tonema (plural protonemata). The protonema elongates and
undergoes cell divisions at the tip, and it forms branches
some distance back from the tip (see Web Essay 21.1).

The transition from filamentous growth to leafy growth
begins with the formation of a swelling or protuberance near
the apical ends of specific cells (Figure 21.15). An asymmet-
ric cell division follows, creating the initial cell. The initial
cell then divides mitotically to produce the bud, the struc-
ture that gives rise to the leafy gametophyte. During normal
growth, buds and branches are regularly initiated, usually
beginning at the third cell from the tip of the filament.

Light, especially red light, is required for bud formation
in Funaria. In the dark, buds fail to develop, but cytokinin
added to the medium can substitute for the light require-
ment. Cytokinin not only stimulates normal bud develop-
ment; it also increases the total number of buds (Figure
21.16). Even very low levels of cytokinin (picomolar, or
10–12 M) can stimulate the first step in bud formation: the
swelling at the apical end of the specific protonemal cell.

Cytokinin Overproduction Has Been Implicated in
Genetic Tumors
Many species in the genus Nicotiana can be crossed to gen-
erate interspecific hybrids. More than 300 such interspecific
hybrids have been produced; 90% of these hybrids are nor-
mal, exhibiting phenotypic characteristics intermediate
between those of both parents. The plant used for cigarette
tobacco, Nicotiana tabacum, for example, is an interspecific
hybrid. However, about 10% of these interspecific crosses
result in progeny that tend to form spontaneous tumors

called genetic tumors (Figure 21.17)
(Smith 1988).

Genetic tumors are similar mor-
phologically to those induced by
Agrobacterium tumefaciens, discussed
at the beginning of this chapter, but
genetic tumors form spontaneously
in the absence of any external induc-
ing agent. The tumors are composed
of masses of rapidly proliferating
cells in regions of the plant that ordi-
narily would contain few dividing
cells. Furthermore, the cells divide
without differentiating into the cell
types normally associated with the
tissues giving rise to the tumor. 

Nicotiana hybrids that produce
genetic tumors have abnormally high

levels of both auxin and cytokinins. Typically, the cytokinin
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FIGURE 21.15 Bud formation in the moss Funaria begins with the formation of a
protuberance at the apical ends of certain cells in the protonema filament. A–D
show various stages of bud development. Once formed, the bud goes on to produce
the leafy gametophyte stage of the moss. (Courtesy of K. S. Schumaker.)
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FIGURE 21.16 Cytokinin stimulates bud development in
Funaria. (A) Control protonemal filaments. (B) Protonemal
filaments treated with benzyladenine. (Courtesy of H.
Kende.)
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levels in tumor-prone hybrids are five to six times higher
than those found in either parent.

Cytokinins Delay Leaf Senescence
Leaves detached from the plant slowly lose chlorophyll,
RNA, lipids, and protein, even if they are kept moist and
provided with minerals. This programmed aging process
leading to death is termed senescence (see Chapters 16 and
23). Leaf senescence is more rapid in the dark than in the
light. Treating isolated leaves of many species with
cytokinins will delay their senescence.

Although applied cytokinins do not prevent senescence
completely, their effects can be dramatic, particularly when
the cytokinin is sprayed directly on the intact plant. If only
one leaf is treated, it remains green after other leaves of
similar developmental age have yellowed and dropped off
the plant. Even a small spot on a leaf will remain green if
treated with a cytokinin, after the surrounding tissues on
the same leaf begin to senesce.

Unlike young leaves, mature leaves produce little if any
cytokinin. Mature leaves may depend on root-derived
cytokinins to postpone their senescence. Senescence is ini-
tiated in soybean leaves by seed maturation—a phenom-
enon known as monocarpic senescence—and can be delayed
by seed removal. Although the seedpods control the onset
of senescence, they do so by controlling the delivery of
root-derived cytokinins to the leaves.

The cytokinins involved in delaying senescence are pri-
marily zeatin riboside and dihydrozeatin riboside, which
may be transported into the leaves from the roots through
the xylem, along with the transpiration stream (Noodén et
al. 1990).

To test the role of cytokinin in regulating the onset of
leaf senescence, tobacco plants were transformed with a
chimeric gene in which a senescence-specific promoter was
used to drive the expression of the ipt gene (Gan and
Amasino 1995). The transformed plants had wild-type lev-
els of cytokinins and developed normally, up to the onset
of leaf senescence.

As the leaves aged, however, the senescence-specific
promoter was activated, triggering the expression of the ipt
gene within leaf cells just as senescence would have been
initiated. The resulting elevated cytokinin levels not only
blocked senescence, but also limited further expression of
the ipt gene, preventing cytokinin overproduction (Figure
21.18). This result suggests that cytokinins are a natural reg-
ulator of leaf senescence.
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FIGURE 21.17 Expression of genetic tumors in the hybrid
Nicotiana langsdorffii × N. glauca. (From Smith 1988.)

FIGURE 21.18 Leaf senescence is retarded in a transgenic
tobacco plant containing a cytokinin biosynthesis gene, ipt.
The ipt gene is expressed in response to signals that induce
senescence. (From Gan and Amasino 1995, courtesy of R.
Amasino.) 
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Cytokinins Promote Movement of Nutrients
Cytokinins influence the movement of nutrients into leaves
from other parts of the plant, a phenomenon known as
cytokinin-induced nutrient mobilization. This process is
revealed when nutrients (sugars, amino acids, and so on)
radiolabeled with 14C or 3H are fed to plants after one leaf
or part of a leaf is treated with a cytokinin. Later the whole
plant is subjected to autoradiography to reveal the pattern
of movement and the sites at which the labeled nutrients
accumulate.

Experiments of this nature have demonstrated that
nutrients are preferentially transported to, and accumu-
lated in, the cytokinin-treated tissues. It has been postu-
lated that the hormone causes nutrient mobilization by cre-
ating a new source–sink relationship. As discussed in
Chapter 10, nutrients translocated in the phloem move
from a site of production or storage (the source) to a site of
utilization (the sink). The metabolism of the treated area
may be stimulated by the hormone so that nutrients move
toward it. However, it is not necessary for the nutrient itself
to be metabolized in the sink cells because even nonme-
tabolizable substrate analogs are mobilized by cytokinins
(Figure 21.19).

Cytokinins Promote Chloroplast Development
Although seeds can germinate in the dark, the morphology
of dark-grown seedlings is very different from that of light-
grown seedlings (see Chapter 17): Dark-grown seedlings
are said to be etiolated. The hypocotyl and internodes of
etiolated seedlings are more elongated, cotyledons and
leaves do not expand, and chloroplasts do not mature.
Instead of maturing as chloroplasts, the proplastids of
dark-grown seedlings develop into etioplasts, which do

not synthesize chlorophyll or most of the enzymes and
structural proteins required for the formation of the chloro-
plast thylakoid system and photosynthesis machinery.
When seedlings germinate in the light, chloroplasts mature
directly from the proplastids present in the embryo, but
etioplasts also can mature into chloroplasts when etiolated
seedlings are illuminated.

If the etiolated leaves are treated with cytokinin before
being illuminated, they form chloroplasts with more exten-
sive grana, and chlorophyll and photosynthetic enzymes
are synthesized at a greater rate upon illumination (Figure
21.20). These results suggest that cytokinins—along with
other factors, such as light, nutrition, and development—
regulate the synthesis of photosynthetic pigments and pro-
teins. The ability of exogenous cytokinin to enhance de-eti-
olation of dark-grown seedlings is mimicked by certain
mutations that lead to cytokinin overproduction. (For more
on how cytokinins promote light-mediated development,
see Web Topic 21.7.)

Cytokinins Promote Cell Expansion in Leaves and
Cotyledons
The promotion of cell enlargement by cytokinins is most
clearly demonstrated in the cotyledons of dicots with leafy
cotyledons, such as mustard, cucumber, and sunflower.
The cotyledons of these species expand as a result of cell
enlargement during seedling growth. Cytokinin treatment
promotes additional cell expansion, with no increase in the
dry weight of the treated cotyledons.

Leafy cotyledons expand to a much greater extent when
the seedlings are grown in the light than in the dark, and
cytokinins promote cotyledon growth in both light- and
dark-grown seedlings (Figure 21.21). As with auxin-
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FIGURE 21.19 The effect of cytokinin on the movement of
an amino acid in cucumber seedlings. A radioactively
labeled amino acid that cannot be metabolized, such as

aminoisobutyric acid, was applied as a discrete spot on the
right cotyledon of each of these seedlings. (Drawn from
data obtained by K. Mothes.)



induced growth, cytokinin-stimulated expansion of radish
cotyledons is associated with an increase in the mechanical
extensibility of the cell walls. However, cytokinin-induced
wall loosening is not accompanied by proton extrusion.
Neither auxin nor gibberellin promotes cell expansion in
cotyledons.

Cytokinins Regulate Growth of Stems and Roots
Although endogenous cytokinins are clearly required for
normal cell proliferation in the apical meristem, and there-
fore normal shoot growth (see Figure 21.9), applied
cytokinins typically inhibit the process of cell elongation in
both stems and roots. For example, exogenous cytokinin
inhibits hypocotyl elongation at concentrations that pro-
mote leaf and cotyledon expansion in the dark-grown
seedlings.

In related experiments, internode and root elongation
are both inhibited in transgenic plants expressing the ipt
gene and in cytokinin-overproducing mutants. It is likely
that the inhibition of hypocotyl and internode elongation
induced by excess cytokinin is due to the production of eth-
ylene, and this inhibition thus may represent another
example of the interdependence of hormonal regulatory
pathways (Cary et al. 1995; Vogel et al. 1998).

On the other hand, other experiments suggest that
endogenous cytokinins at normal physiological concentra-
tions inhibit root growth. For example, a weak allele of a
cytokinin receptor mutant and a loss-of-function allele of a
cytokinin signaling element both have longer roots than the
wild type (Inoue et al. 2001; Sakai et al. 2001). As previously
noted, transgenic tobacco engineered to overexpress
cytokinin oxidase (and thus to have lower levels of
cytokinin) also has longer roots than its wild-type coun-
terpart (see Figure 21.10) (Werner et al. 2001). These results
indicate that endogenous cytokinins may negatively regu-
late root elongation.

Cytokinin-Regulated Processes Are Revealed in
Plants That Overproduce Cytokinin
The ipt gene from the Agrobacterium Ti plasmid has been
introduced into many species of plants, resulting in
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FIGURE 21.20 Cytokinin
influence on the develop-
ment of wild-type
Arabidopsis seedlings grown
in darkness. (A) Plastids
develop as etioplasts in the
untreated, dark grown con-
trol. (B) Cytokinin treatment
resulted in thylakoid forma-
tion in the plastids of dark-
grown seedlings. (From
Chory et al. 1994, courtesy of
J. Chory, © American Society
of Plant Biologists, reprinted
with permission.)
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T3 control T3 control

T3 + zeatin T3 + zeatin

▲

Dark

▲

FIGURE 21.21 The effect of cytokinin on the expansion of
radish cotyledons. The experiment described here shows
that the effects of light and cytokinin are additive. T0 rep-
resents germinating radish seedlings before the experi-
ment began. The detached cotyledons were incubated for
3 days (T3) in either darkness or light with or without 2.5
mM zeatin. In both the light and the dark, zeatin-treated
cotyledons expanded more than in the control. (From
Huff and Ross 1975.)



cytokinin overproduction. These transgenic plants exhibit
an array of developmental abnormalities that tell us a great
deal about the biological role of cytokinins. 

As discussed earlier, plant tissues transformed by
Agrobacterium carrying a wild-type Ti plasmid proliferate
as tumors as a result of the overproduction of both auxin
and cytokinin. And as mentioned already, if all of the other
genes in the T-DNA are deleted and plant tissues are trans-
formed with T-DNA containing only a selective antibiotic
resistance marker gene and the ipt gene, shoots proliferate
instead of callus. 

The shoot teratomas formed by ipt-transformed tissues
are difficult to root, and when roots are formed, they tend
to be stunted in their growth. As a result, it is difficult to
obtain plants from shoots expressing the ipt gene under the
control of its own promoter because the promoter is a con-
stitutive promoter and the gene is continuously expressed.

To circumvent this problem, a variety of promoters
whose expression can be regulated have been used to drive
the expression of the ipt gene in the transformed tissues.
For example, several studies have employed a heat shock
promoter, which is induced in response to elevated tem-
perature, to drive inducible expression of the ipt gene in
transgenic tobacco and Arabidopsis. In these plants, heat
induction substantially increased the level of zeatin, zeatin
riboside and ribotide, and N-conjugated zeatin. 

These cytokinin-overproducing plants exhibit several
characteristics that point to roles played by cytokinin in
plant physiology and development:

• The shoot apical meristems of cytokinin-overproduc-
ing plants produce more leaves.

• The leaves have higher chlorophyll levels and are
much greener.

• Adventitious shoots may form from unwounded leaf
veins and petioles.

• Leaf senescence is retarded.

• Apical dominance is greatly reduced.

• The more extreme cytokinin-overproducing plants
are stunted, with greatly shortened internodes.

• Rooting of stem cuttings is reduced, as is the root
growth rate.

Some of the consequences of cytokinin overproduction
could be highly beneficial for agriculture if synthesis of the
hormone can be controlled. Because leaf senescence is
delayed in the cytokinin-overproducing plants, it should
be possible to extend their photosynthetic productivity
(which we’ll discuss shortly). 

In addition, cytokinin production could be linked to
damage caused by predators. For example, tobacco plants
transformed with an ipt gene under the control of the pro-
moter from a wound-inducible protease inhibitor II gene

were more resistant to insect damage. The tobacco horn-
worm consumed up to 70% fewer tobacco leaves in plants
that expressed the ipt gene driven by the protease inhibitor
promoter (Smigocki et al. 1993).

CELLULAR AND MOLECULAR MODES OF
CYTOKININ ACTION
The diversity of the effects of cytokinin on plant growth
and development is consistent with the involvement of sig-
nal transduction pathways with branches leading to spe-
cific responses. Although our knowledge of how cytokinin
works at the cellular and molecular levels is still quite frag-
mentary, significant progress has been achieved. In this sec-
tion we will discuss the nature of the cytokinin receptor
and various cytokinin-regulated genes, as well as a model
for cytokinin signaling based on current information.

A Cytokinin Receptor Related to Bacterial Two-
Component Receptors Has Been Identified
The first clue to the nature of the cytokinin receptor came
from the discovery of the CKI1 gene. CKI1 was identified
in a screen for genes that, when overexpressed, conferred
cytokinin-independent growth on Arabidopsis cells in cul-
ture. As discussed already, plant cells generally require
cytokinin in order to divide in culture. However, a cell line
that overexpresses CKI1 is capable of growing in culture in
the absence of added cytokinin.

CKI1 encodes a protein similar in sequence to bacterial
two-component sensor histidine kinases, which are ubiq-
uitous receptors in prokaryotes (see Chapter 14 on the web
site and Chapter 17). Bacterial two-component regulatory
systems mediate a range of responses to environmental
stimuli, such as osmoregulation and chemotaxis. Typically
these systems are composed of two functional elements: a
sensor histidine kinase, to which a signal binds, and a down-
stream response regulator, whose activity is regulated via
phosphorylation by the sensor histidine kinase. The sensor
histidine kinase is usually a membrane-bound protein that
contains two distinct domains, called the input and histi-
dine kinase, or “transmitter,” domains (Figure 21.22). 

Detection of a signal by the input domain alters the
activity of the histidine kinase domain. Active sensor
kinases are dimers that transphosphorylate a conserved
histidine residue. This phosphate is then transferred to a
conserved aspartate residue in the receiver domain of a
cognate response regulator (see Figure 21.22), and this
phosphorylation alters the activity of the kinases. Most
response regulators also contain output domains that act as
transcription factors.

The phenotype resulting from CKI1 overexpression,
combined with its similarity to bacterial receptors, sug-
gested that the CKI1 and/or similar histidine kinases are
cytokinin receptors. Support for this model came from
identification of the CRE1 gene (Inoue et al. 2001). 
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Like CKI1, CRE1 encodes a protein similar to bacterial
histidine kinases. Loss-of-function cre1 mutations were
identified in a genetic screen for mutants that failed to
develop shoots from undifferentiated tissue culture cells in
response to cytokinin. This is essentially the opposite
screen from the one just described, from which the CKI1
gene was identified by a gain-of-function (ability to divide
in the absence of cytokinin) mutation. The cre1 mutants are
also resistant to the inhibition of root elongation observed
in response to cytokinin.

Convincing evidence that CRE1 encodes a cytokinin
receptor came from analysis of the expression of the pro-
tein in yeast. Yeast cells also contain a sensor histidine
kinase, and deletion of the gene that encodes this kinase—
SLN1—is lethal. Expression of CRE1 in SLN1-deficient
yeast can restore viability, but only if cytokinins are present in
the medium. Thus the activity of CRE1 (i.e., its ability to
replace SLN1) is dependent on cytokinin, which, coupled
with the cytokinin-insensitive phenotype of the cre1
mutants in Arabidopsis, unequivocally demonstrates that
CRE1 is a cytokinin receptor. It remains to be determined
if CKI1 is also a cytokinin receptor.

Two other genes in the Arabidopsis genome (AHK2 and
AHK3) are closely related to CRE1, suggesting that, like the
ethylene receptors (see Chapter 22), the cytokinin receptors
are encoded by a multigene family. Indeed, it has been
demonstrated that cytokinins bind to the predicted extra-
cellular domains of CRE1, AHK2, and AHK3 with high
affinity, confirming that they are indeed cytokinin recep-
tors (Yamada et al. 2001). This raises the possibility that
these genes are at least partially genetically redundant (as
are the ethylene receptors), which may explain the rela-

tively mild phenotypes that result from loss-of-function
cre1 mutations.

Cytokinins Cause a Rapid Increase in the
Expression of Response Regulator Genes
One of the primary effects of cytokinin is to alter the
expression of various genes. The first set of genes to be up-
regulated in response to cytokinin are the ARR (Arabidop-
sis response regulator) genes. These genes are homologous
to the receiver domain of bacterial two-component
response regulators, the downstream target of sensor his-
tidine kinases (see the previous section). 

In Arabidopsis, response regulators are encoded by a
multigene family. They fall into two basic classes: the type-
A ARR genes, which are made up solely of a receiver
domain, and the type-B ARR genes, which contain a tran-
scription factor domain in addition to the receiver domain
(Figure 21.23). The rate of transcription of the type-A gene
is increased within 10 minutes in response to applied
cytokinin (Figure 21.24) (D’Agostino et al. 2000). This rapid
induction is specific for cytokinin and does not require new
protein synthesis. Both of these features are hallmarks of
primary response genes (discussed in Chapters 17 and 19).

The rapid induction of the type-A genes, coupled with
their similarity to signaling elements predicted to act
downstream of sensor histidine kinases, suggests that these
elements act downstream of the CRE1 cytokinin receptor
family to mediate the primary cytokinin response. Inter-
estingly, one of these type-A genes, ARR5, is expressed pri-
marily in the apical meristems of both shoots and roots
(Figure 21.25), consistent with a role in regulating cell pro-
liferation, a key aspect of cytokinin action.
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FIGURE 21.22 Simple versus phosphorelay types of two-
component signaling systems. (A) In simple two-compo-
nent systems, the input domain is the site where the signal
is sensed. This regulates the activity of the histidine kinase
domain, which when activated autophosphorylates on a
conserved His residue. The phosphate is then transferred to
an Asp residue that resides within the receiver domain of a
response regulator. Phosphorylation of this Asp regulates

the activity of the output domain of the response regulator,
which in many cases is a transcription factor. (B) In the
phosphorelay-type two-component signaling system, an
extra set of phosphotransfers is mediated by a histidine
phosphotransfer protein (Hpt), called AHP in Arabidopsis.
The Arabidopsis response regulators are called ARRs. H =
histidine, D = aspartate.



The expression of a wide variety of other genes is
altered in response to cytokinin, but generally with slower
kinetics than the type-A genes. These include the gene that
encodes nitrate reductase, light-regulated genes such as
LHCB and SSU, and defense-related genes such as PR1, as
well as genes that encode an extensin (cell wall protein rich
in hydroxyproline), rRNAs, cytochrome P450s, and perox-
idase. Cytokinin elevates the expression of these genes both
by increasing the rate of transcription (as in the case of the
type-A ARRs) and/or by a stabilization of the RNA tran-
script (e.g., the extensin gene).

Histidine Phosphotransferases May Mediate the
Cytokinin Signaling Cascade

From the preceding discussions we have seen that
cytokinin binds to the CRE1 receptors to initiate a response
that culminates in the elevation of transcription of the type-
A ARRs. The type-A ARR proteins, in turn, may regulate
the expression of numerous other genes, as well as the
activities of various target proteins that ultimately alter cel-
lular function. How is the signal propagated from CRE1
(which is at the plasma membrane) to the nucleus to alter
type-A ARR transcription?

One set of genes that are likely to be
involved in this signaling cascade encode the
AHP (Arabidopsis histidine phosphotransfer)
proteins. In two-component systems that
involve a sensor kinase fused to a receiver
domain (the structure of most eukaryotic
sensor histidine kinases, including those of
the CRE1 family), there is an additional set of
phosphotransfers that are mediated by a his-
tidine phosphotransfer protein (Hpt). 

Phosphate is first transferred from ATP
to a histidine within the histidine kinase
domain, and then transferred to an aspar-
tate residue on the fused receiver. From the
aspartate residue the phosphate group is
then transferred to a histidine on the Hpt
protein and then finally to an aspartate on
the receiver domain of the response regula-
tor (see Figure 21.22). This phosphorylation
of the receiver domain of the response reg-
ulator alters its activity. Thus, Hpt proteins
are predicted to mediate the phosphotrans-
fer between sensor kinases and response
regulators.

In Arabidopsis there are 5 Hpt genes,
called AHPs. The AHP proteins have been
shown to physically associate with receiver
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FIGURE 21.23 Phylogenetic tree of Arabidopsis
response regulators. The top part of the figure
shows a phylogenetic tree that represents the degree
of relatedness of the receiver domains present in the
Arabidopsis genome. The closer two proteins are on
the tree, the more similar are their amino acid
sequences. Note that these proteins fall into two dis-
tinct groups, or clades, called the type-A ARRs
(blue) and the type-B ARRs (red). These differences
in sequence are also reflected in a distinct domain
structure, as depicted below the tree. The type-A
ARRs consist solely of a receiver domain, but the
type-A proteins also contain a fused output domain
at the carboxy-terminus.
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FIGURE 21.24 Induction of type-A ARR genes in response to cytokinin.
RNA from Arabidopsis seedlings treated for the indicated time with
cytokinin was isolated and analyzed by Northern blotting. Each row shows
the result of probing the Northern blot with an individual type-A gene, and
each lane contains RNA derived from Arabidopsis seedlings treated for the
indicated time with cytokinin. The darker the band, the higher the level of
ARR mRNA in that sample. (From D’Agostino et al. 2000.)



domains from several Arabidopsis histidine kinases, includ-
ing CRE1, and a subset of the AHPs have been demon-
strated to transiently translocate from the cytoplasm to the
nucleus in response to cytokinin (Figure 21.26) (Hwang and
Sheen 2001). This finding suggests that the AHPs
are the immediate downstream targets of the acti-
vated CRE receptors, and that these proteins
transduce the cytokinin signal into the nucleus.

Cytokinin-Induced Phosphorylation
Activates Transcription Factors
The question now becomes, How do the acti-
vated AHPs, once in the nucleus, act to regulate
gene transcription? Genetic studies in intact Ara-
bidopsis plants and overexpression studies in iso-
lated Arabidopsis protoplasts using a cytokinin

responsive reporter have provided a likely answer (Hwang
and Sheen 2001; Sakai et al. 2001). 

Disruption of ARR1, one of the type-B ARR genes,
reduces the induction of the type-A ARR genes in response
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FIGURE 21.25 Expression of ARR5. The pattern of ARR5 expression was examined
by fusion of the promoter to a GUS reporter gene (A) or by whole-mount in situ
hybridization (B and C). For the latter, the tissue is hybridized with labeled single-
stranded ARR5 RNA in either the sense orientation (B) or the antisense (C). The
sense RNA is a negative control and reveals background, nonspecific staining. The
antisense probe specifically hybridizes with the ARR5 mRNA present in the tissue,
thereby revealing its spatial distribution. With both methods, ARR5 expression is
observed primarily in the apical meristems. (From D’Agostino et al. 2000.)
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AHP5-GFP

FIGURE 21.26 Cytokinin induces the transient
movement of some AHP proteins into the
nucleus. Arabidopsis protoplasts expressing vari-
ous AHP genes fused to green fluorescent pro-
tein (GFP) as a reporter were treated with zeatin
and monitored for 1.5 hours. AHP1-GFP and
AHP2-GFP show nuclear localization after 30
minutes, but this localization is transient in the
case of AHP1-GFP. Zeatin did not seem to affect
the distribution of AHP5-GFP. (From Hwang and
Sheen 2001.)



to cytokinin. Conversely, an increase in ARR1 function
increases the response of the type-A genes to cytokinin. This
suggests that ARR1, which is a transcription factor, directly
regulates transcription of the type-A ARRs, and that by
analogy other members of the type-B ARR family (see Fig-
ure 21.23) also mediate cytokinin-regulated gene expression. 

This conclusion is supported by the findings that type-
B ARRs operate as transcriptional activators and that there
are multiple binding sites for ARR1, a type-B ARR, in the
5′ DNA regulatory sequences of the type-A ARR genes.

A model of cytokinin signaling is presented in Figure
21.27. Cytokinin binds to the CRE1 receptor and initiates a
phosphorylation cascade that results in the phosphoryla-
tion and activation of a subset of the type-B ARR proteins.
Activation of the type-B proteins (transcription factors)
leads to the transcriptional activation of the type-A genes.
The type-A ARR proteins are likely also phosphorylated in
response to cytokinin, and perhaps together with the type-
B proteins, they interact with various targets to mediate the
changes in cellular function, such as an activation of the cell
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refinement of this model, the tools are now in hand to analyze the interactions
among these elements.



cycle. Type-A ARRs are also able to inhibit their own
expression by an unknown mechanism, providing a nega-
tive feedback loop (see Figure 21.27). Much work needs to
be done to confirm and refine this model, but we are
beginning to glimpse for the first time the molecular basis
for cytokinin action in plants.

SUMMARY
Mature plant cells generally do not divide in the intact
plant, but they can be stimulated to divide by wounding,
by infection with certain bacteria, and by plant hormones,
including cytokinins. Cytokinins are N6-substituted
aminopurines that will initiate cell proliferation in many
plant cells when they are cultured on a medium that also
contains an auxin. The principal cytokinin of higher
plants—zeatin, or trans-6-(4-hydroxy-3-methylbut-2-eny-
lamino)purine—is also present in plants as a riboside or
ribotide and as glycosides. These forms are generally also
active as cytokinins in bioassays through their enzymatic
conversion to the free zeatin base by plant tissue.

The first committed step in cytokinin biosynthesis—the
transfer of the isopentenyl group from DMAPP to the 6
nitrogen of adenosine tri- and diphosphate—is catalyzed
by isopentenyl transferase (IPT). The product of this reac-
tion is readily converted to zeatin and other cytokinins.
Cytokinins are synthesized in roots, in developing
embryos, young leaves, fruits, and crown gall tissues.
Cytokinins are also synthesized by plant-associated bacte-
ria, insects, and nematodes.

Cytokinin oxidases degrade cytokinin irreversibly and
may play a role in regulation of the levels of this hormone.
Conjugation of both the side chain and the adenosine moi-
ety to sugars (mostly glucose) also may play a role in the
regulation of cytokinin levels and may target subpools of
the hormone for distinct roles, such as transport.
Cytokinins are also interconverted among the free base and
the nucleoside and nucleotide forms.

Crown galls originate from plant tissues that have been
infected with Agrobacterium tumefaciens. The bacterium
injects a specific region of its Ti plasmid called T-DNA into
wounded plant cells, and the T-DNA is incorporated into
the host nuclear genome. The T-DNA contains a gene for
cytokinin biosynthesis, as well as genes for auxin biosyn-
thesis. These phyto-oncogenes are expressed in the plant
cells, leading to hormone synthesis and unregulated pro-
liferation of the cells to form the gall.

Cytokinins are most abundant in the young, rapidly
dividing cells of the shoot and root apical meristems. They
do not appear to be actively transported through living
plant tissues. Instead, they are transported passively into
the shoot from the root through the xylem, along with
water and minerals. At least in pea, however, the shoot can
regulate the flow of cytokinin from the root.

Cytokinins participate in the regulation of many plant
processes, including cell division, morphogenesis of shoots
and roots, chloroplast maturation, cell enlargement, and
senescence. Both cytokinin and auxin regulate the plant cell
cycle and are needed for cell division. The roles of
cytokinins have been elucidated from application of exoge-
nous cytokinins, the phenotype of transgenic plants
designed to overexpress cytokinins as a result of introduc-
tion of the bacterial ipt gene, and recently from transgenic
plants that have a reduced endogenous cytokinin content
as a result of overexpression of cytokinin oxidase.

In addition to cell division, the ratio of auxin to
cytokinin determines the differentiation of cultured plant
tissues into either roots or buds: High ratios promote roots;
low ratios, buds. Cytokinins also have been implicated in
the release of axillary buds from apical dominance. In the
moss Funaria, cytokinins greatly increase the number of
“buds,” the structures that give rise to the leafy gameto-
phyte stage of development.

The mechanism of action of cytokinin is just beginning
to emerge. A cytokinin receptor has been identified in Ara-
bidopsis. This transmembrane protein is related to the bac-
terial two-component sensor histidine kinases. Cytokinins
increase the abundance of several specific mRNAs. Some
of these are primary response genes that are similar to bac-
terial two-component response regulators. The signal trans-
duction mechanism from CRE1 to transcriptional activa-
tion of the type-A ARRs involves other homologs of
two-component elements.

Web Material

Web Topics
21.1 Cultured Cells Can Acquire the Ability to

Synthesize Cytokinins

The phenomenon of habituation is described,
whereby callus tissues become cytokinin inde-
pendent.

21.2 Structures of Some Naturally Occurring
Cytokinins

The structures of various naturally occurring
cytokinins are presented.

21.3 Various Methods Are Used to Detect and
Identify Cytokinins

Cytokinins can be qualified using immunologi-
cal and sensitive physical methods.

21.4 Cytokinins Are Also Present in Some tRNAs in
Animal and Plant Cells

Modified adenosines near the 3′ end of the anti-
codons of some tRNAs have cytokinin activity.
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21.5 The Ti Plasmid and Plant Genetic Engineering

Applications of the Ti plasmid of Agrobacterium
in bioengineering are described.

21.6 Phylogenetic Tree of IPT Genes

Arabidopsis contains nine different IPT genes,
several of which form a distinct clade with
other plant sequences.

21.7 Cytokinin Can Promote Light-Mediated
Development

Cytokinins can mimic the effect of the det
mutation on chloroplast development and de-
etiolation.

Web Essay
21.1 Cytokinin-Induced Form and Structure in

Moss

The effects of cytokinins on the development
of moss protonema are described.
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Ethylene:
The Gaseous Hormone22

Chapter

DURING THE NINETEENTH CENTURY, when coal gas was used for
street illumination, it was observed that trees in the vicinity of street-
lamps defoliated more extensively than other trees. Eventually it became
apparent that coal gas and air pollutants affect plant growth and devel-
opment, and ethylene was identified as the active component of coal gas.

In 1901, Dimitry Neljubov, a graduate student at the Botanical Insti-
tute of St. Petersburg in Russia, observed that dark-grown pea seedlings
growing in the laboratory exhibited symptoms that were later termed
the triple response: reduced stem elongation, increased lateral growth
(swelling), and abnormal, horizontal growth. When the plants were
allowed to grow in fresh air, they regained their normal morphology and
rate of growth. Neljubov identified ethylene, which was present in the
laboratory air from coal gas, as the molecule causing the response.

The first indication that ethylene is a natural product of plant tissues
was published by H. H. Cousins in 1910. Cousins reported that “ema-
nations” from oranges stored in a chamber caused the premature ripen-
ing of bananas when these gases were passed through a chamber con-
taining the fruit. However, given that oranges synthesize relatively little
ethylene compared to other fruits, such as apples, it is likely that the
oranges used by Cousins were infected with the fungus Penicillium,
which produces copious amounts of ethylene. In 1934, R. Gane and oth-
ers identified ethylene chemically as a natural product of plant metabo-
lism, and because of its dramatic effects on the plant it was classified as
a hormone.

For 25 years ethylene was not recognized as an important plant hor-
mone, mainly because many physiologists believed that the effects of
ethylene were due to auxin, the first plant hormone to be discovered (see
Chapter 19). Auxin was thought to be the main plant hormone, and eth-
ylene was considered to play only an insignificant and indirect physi-
ological role. Work on ethylene was also hampered by the lack of chem-
ical techniques for its quantification. However, after gas chromatography
was introduced in ethylene research in 1959, the importance of ethylene



was rediscovered and its physiological significance as a
plant growth regulator was recognized (Burg and Thi-
mann 1959).

In this chapter we will describe the discovery of the eth-
ylene biosynthetic pathway and outline some of the impor-
tant effects of ethylene on plant growth and development.
At the end of the chapter we will consider how ethylene
acts at the cellular and molecular levels.

STRUCTURE, BIOSYNTHESIS, AND
MEASUREMENT OF ETHYLENE
Ethylene can be produced by almost all parts of higher
plants, although the rate of production depends on the
type of tissue and the stage of development. In general,
meristematic regions and nodal regions are the most active
in ethylene biosynthesis. However, ethylene production
also increases during leaf abscission and flower senescence,
as well as during fruit ripening. Any type of wounding can
induce ethylene biosynthesis, as can physiological stresses
such as flooding, chilling, disease, and temperature or
drought stress.

The amino acid methionine is the precursor of ethylene,
and ACC (1-aminocyclopropane-1-carboxylic acid) serves
as an intermediate in the conversion of methionine to eth-
ylene. As we will see, the complete pathway is a cycle, tak-
ing its place among the many metabolic cycles that operate
in plant cells.

The Properties of Ethylene Are Deceptively Simple
Ethylene is the simplest known olefin (its molecular
weight is 28), and it is lighter than air under physiological
conditions:

It is flammable and readily undergoes oxidation. Ethylene
can be oxidized to ethylene oxide:

and ethylene oxide can be hydrolyzed to ethylene glycol:

In most plant tissues, ethylene can be completely oxidized
to CO2, in the following reaction:

Ethylene is released easily from the tissue and diffuses
in the gas phase through the intercellular spaces and out-
side the tissue. At an ethylene concentration of 1 µL L–1 in
the gas phase at 25°C, the concentration of ethylene in
water is 4.4 × 10–9 M. Because they are easier to measure,
gas phase concentrations are normally given for ethylene.

Because ethylene gas is easily lost from the tissue and
may affect other tissues or organs, ethylene-trapping sys-
tems are used during the storage of fruits, vegetables, and
flowers. Potassium permanganate (KMnO4) is an effective
absorbent of ethylene and can reduce the concentration of
ethylene in apple storage areas from 250 to 10 µL L–1,
markedly extending the storage life of the fruit.

Bacteria, Fungi, and Plant Organs Produce
Ethylene
Even away from cities and industrial air pollutants, the
environment is seldom free of ethylene because of its pro-
duction by plants and microorganisms. The production of
ethylene in plants is highest in senescing tissues and
ripening fruits (>1.0 nL g-fresh-weight–1 h–1), but all
organs of higher plants can synthesize ethylene. Ethylene
is biologically active at very low concentrations—less than
1 part per million (1 µL L–1). The internal ethylene con-
centration in a ripe apple has been reported to be as high
as 2500 µL L–1.

Young developing leaves produce more ethylene than
do fully expanded leaves. In bean (Phaseolus vulgaris),
young leaves produce 0.4 nL g–1 h–1, compared with 0.04
nL g–1 h–1 for older leaves. With few exceptions, nonse-
nescent tissues that are wounded or mechanically per-
turbed will temporarily increase their ethylene production
severalfold within 30 minutes. Ethylene levels later return
to normal.

Gymnosperms and lower plants, including ferns,
mosses, liverworts, and certain cyanobacteria, all have
shown the ability to produce ethylene. Ethylene produc-
tion by fungi and bacteria contributes significantly to the
ethylene content of soil. Certain strains of the common
enteric bacterium Escherichia coli and of yeast (a fungus)
produce large amounts of ethylene from methionine. 

There is no evidence that healthy mammalian tissues
produce ethylene, nor does ethylene appear to be a meta-
bolic product of invertebrates. However, recently it was
found that both a marine sponge and cultured mammalian
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cells can respond to ethylene, raising the possibility that
this gaseous molecule acts as a signaling molecule in ani-
mal cells (Perovic et al. 2001).

Regulated Biosynthesis Determines the
Physiological Activity of Ethylene
In vivo experiments showed that plant tissues convert l-
[14C]methionine to [14C]ethylene, and that the ethylene is
derived from carbons 3 and 4 of methionine (Figure 22.1).
The CH3—S group of methionine is recycled via the Yang
cycle. Without this recycling, the amount of reduced sulfur
present would limit the available methionine and the syn-
thesis of ethylene. S-adenosylmethionine (AdoMet), which
is synthesized from methionine and ATP, is an intermedi-

ate in the ethylene biosynthetic pathway, and the immedi-
ate precursor of ethylene is 1-aminocyclopropane-1-car-
boxylic acid (ACC) (see Figure 22.1).

The role of ACC became evident in experiments in which
plants were treated with [14C]methionine. Under anaerobic
conditions, ethylene was not produced from the
[14C]methionine, and labeled ACC accumulated in the tis-
sue. On exposure to oxygen, however, ethylene production
surged. The labeled ACC was rapidly converted to ethylene
in the presence of oxygen by various plant tissues, suggest-
ing that ACC is the immediate precursor of ethylene in
higher plants and that oxygen is required for the conversion.

In general, when ACC is supplied exogenously to plant
tissues, ethylene production increases substantially. This
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observation indicates that the synthesis of ACC is usually
the biosynthetic step that limits ethylene production in
plant tissues.

ACC synthase, the enzyme that catalyzes the conver-
sion of AdoMet to ACC (see Figure 22.1), has been charac-
terized in many types of tissues of various plants. ACC
synthase is an unstable, cytosolic enzyme. Its level is regu-
lated by environmental and internal factors, such as
wounding, drought stress, flooding, and auxin. Because
ACC synthase is present in such low amounts in plant tis-
sues (0.0001% of the total protein of ripe tomato) and is
very unstable, it is difficult to purify the enzyme for bio-
chemical analysis (see Web Topic 22.1).

ACC synthase is encoded by members of a divergent
multigene family that are differentially regulated by vari-
ous inducers of ethylene biosynthesis. In tomato, for exam-
ple, there are at least nine ACC synthase genes, different
subsets of which are induced by auxin, wounding, and/or
fruit ripening.

ACC oxidase catalyzes the last step in ethylene biosyn-
thesis: the conversion of ACC to ethylene (see Figure 22.1).
In tissues that show high rates of ethylene production, such
as ripening fruit, ACC oxidase activity can be the rate-lim-
iting step in ethylene biosynthesis. The gene that encodes
ACC oxidase has been cloned (see Web Topic 22.2). Like
ACC synthase, ACC oxidase is encoded by a multigene
family that is differentially regulated. For example, in ripen-
ing tomato fruits and senescing petunia flowers, the mRNA
levels of a subset of ACC oxidase genes are highly elevated.

The deduced amino acid sequences of ACC oxidases
revealed that these enzymes belong to the Fe2+/ascorbate
oxidase superfamily. This similarity suggested that ACC
oxidase might require Fe2+ and ascorbate for activity—a
requirement that has been confirmed by biochemical
analysis of the protein. The low abundance of ACC oxi-
dase and its requirement for cofactors presumably explain
why the purification of this enzyme eluded researchers for
so many years.

Catabolism. Researchers have studied the catabolism of
ethylene by supplying 14C2H4 to plant tissues and tracing
the radioactive compounds produced. Carbon dioxide, eth-
ylene oxide, ethylene glycol, and the glucose conjugate of
ethylene glycol have been identified as metabolic break-
down products. However, because certain cyclic olefin
compounds, such as 1,4-cyclohexadiene, have been shown
to block ethylene breakdown without inhibiting ethylene
action, ethylene catabolism does not appear to play a sig-
nificant role in regulating the level of the hormone (Raskin
and Beyer 1989).

Conjugation. Not all the ACC found in the tissue is con-
verted to ethylene. ACC can also be converted to a conju-
gated form, N-malonyl ACC (see Figure 22.1), which does
not appear to break down and accumulates in the tissue. 

A second conjugated form of ACC, 1-(γ-L-glutamylamino)
cyclopropane-1-carboxylic acid (GACC), has also been iden-
tified. The conjugation of ACC may play an important role
in the control of ethylene biosynthesis, in a manner analo-
gous to the conjugation of auxin and cytokinin.

Environmental Stresses and Auxins Promote
Ethylene Biosynthesis
Ethylene biosynthesis is stimulated by several factors,
including developmental state, environmental conditions,
other plant hormones, and physical and chemical injury.
Ethylene biosynthesis also varies in a circadian manner,
peaking during the day and reaching a minimum at night.

Fruit ripening. As fruits mature, the rate of ACC and eth-
ylene biosynthesis increases. Enzyme activities for both
ACC oxidase (Figure 22.2) and ACC synthase increase, as
do the mRNA levels for subsets of the genes encoding each
enzyme. However, application of ACC to unripe fruits only
slightly enhances ethylene production, indicating that an
increase in the activity of ACC oxidase is the rate-limiting
step in ripening (McKeon et al. 1995).
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Stress-induced ethylene production. Ethylene biosyn-
thesis is increased by stress conditions such as drought,
flooding, chilling, exposure to ozone, or mechanical
wounding. In all these cases ethylene is produced by the
usual biosynthetic pathway, and the increased ethylene
production has been shown to result at least in part from
an increase in transcription of ACC synthase mRNA. This
“stress ethylene” is involved in the onset of stress responses
such as abscission, senescence, wound healing, and
increased disease resistance (see Chapter 25).

Auxin-induced ethylene production. In some instances,
auxins and ethylene can cause similar plant responses,
such as induction of flowering in pineapple and inhibition
of stem elongation. These responses might be due to the
ability of auxins to promote ethylene synthesis by enhanc-
ing ACC synthase activity. These observations suggest that
some responses previously attributed to auxin (indole-3-
acetic acid, or IAA) are in fact mediated by the ethylene
produced in response to auxin.

Inhibitors of protein synthesis block both ACC and
IAA-induced ethylene synthesis, indicating that the syn-
thesis of new ACC synthase protein caused by auxins
brings about the marked increase in ethylene production.
Several ACC synthase genes have been identified whose
transcription is elevated following application of exoge-
nous IAA, suggesting that increased transcription is at
least partly responsible for the increased ethylene pro-
duction observed in response to auxin (Nakagawa et al.
1991; Liang et al. 1992).

Posttranscriptional regulation of ethylene produc-
tion. Ethylene production can also be regulated post-
transcriptionally. Cytokinins also promote ethylene biosyn-
thesis in some plant tissues. For example, in etiolated
Arabidopsis seedlings, application of exogenous cytokinins
causes a rise in ethylene production, resulting in the triple-
response phenotype (see Figure 22.5A). 

Molecular genetic studies in Arabidopsis have shown
that cytokinins elevate ethylene biosynthesis by increasing
the stability and/or activity of one isoform of ACC syn-
thase (Vogel et al. 1998). The carboxy-terminal domain of
this ACC synthase isoform appears to be the target for this
posttranscriptional regulation. Consistent with this, the car-
boxy-terminal domain of an ACC synthase isoform from
tomato has been shown to be the target for a calcium-
dependent phosphorylation (Tatsuki and Mori 2001).

Ethylene Production and Action Can Be Inhibited
Inhibitors of hormone synthesis or action are valuable for
the study of the biosynthetic pathways and physiological
roles of hormones. Inhibitors are particularly helpful when
it is difficult to distinguish between different hormones that
have identical effects in plant tissue or when a hormone
affects the synthesis or the action of another hormone. 

For example, ethylene mimics high concentrations of
auxins by inhibiting stem growth and causing epinasty (a
downward curvature of leaves). Use of specific inhibitors
of ethylene biosynthesis and action made it possible to dis-
criminate between the actions of auxin and ethylene. Stud-
ies using inhibitors showed that ethylene is the primary
effector of epinasty and that auxin acts indirectly by caus-
ing a substantial increase in ethylene production.

Inhibitors of ethylene synthesis. Aminoethoxy-vinyl-
glycine (AVG) and aminooxyacetic acid (AOA) block the
conversion of AdoMet to ACC (see Figure 22.1). AVG and
AOA are known to inhibit enzymes that use the cofactor
pyridoxal phosphate. The cobalt ion (Co2+) is also an
inhibitor of the ethylene biosynthetic pathway, blocking the
conversion of ACC to ethylene by ACC oxidase, the last
step in ethylene biosynthesis.

Inhibitors of ethylene action. Most of the effects of eth-
ylene can be antagonized by specific ethylene inhibitors.
Silver ions (Ag+) applied as silver nitrate (AgNO3) or as sil-
ver thiosulfate (Ag(S2O3)2

3–) are potent inhibitors of ethyl-
ene action. Silver is very specific; the inhibition it causes
cannot be induced by any other metal ion.

Carbon dioxide at high concentrations (in the range of 5
to 10%) also inhibits many effects of ethylene, such as the
induction of fruit ripening, although CO2 is less efficient
than Ag+. This effect of CO2 has often been exploited in the
storage of fruits, whose ripening is delayed at elevated CO2
concentrations. The high concentrations of CO2 required
for inhibition make it unlikely that CO2 acts as an ethylene
antagonist under natural conditions.

The volatile compound trans-cyclooctene, but not its
isomer cis-cyclooctene, is a strong competitive inhibitor of
ethylene binding (Sisler et al. 1990); trans-cyclooctene is
thought to act by competing with ethylene for binding to
the receptor. A novel inhibitor, 1-methylcyclopropene
(MCP), was recently found that binds almost irreversibly
to the ethylene receptor (Figure 22.3) (Sisler and Serek
1997). MCP shows tremendous promise in commercial
applications.
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Ethylene Can Be Measured by Gas
Chromatography
Historically, bioassays based on the seedling triple response
were used to measure ethylene levels, but they have been
replaced by gas chromatography. As little as 5 parts per
billion (ppb) (5 pL per liter)1 of ethylene can be detected,
and the analysis time is only 1 to 5 minutes. 

Usually the ethylene produced by a plant tissue is
allowed to accumulate in a sealed vial, and a sample is
withdrawn with a syringe. The sample is injected into a gas
chromatograph column in which the different gases are
separated and detected by a flame ionization detector.
Quantification of ethylene by this method is very accurate.
Recently a novel method to measure ethylene was devel-
oped that uses a laser-driven photoacoustic detector that
can detect as little as 50 parts per trillion (50 ppt = 0.05 pL
L–1) ethylene (Voesenek et al. 1997).

DEVELOPMENTAL AND PHYSIOLOGICAL
EFFECTS OF ETHYLENE
As we have seen, ethylene was discovered in connection
with its effects on seedling growth and fruit ripening. It has
since been shown to regulate a wide range of responses in
plants, including seed germination, cell expansion, cell dif-
ferentiation, flowering, senescence, and abscission. In this
section we will consider the phenotypic effects of ethylene
in more detail.

Ethylene Promotes the Ripening of Some Fruits
In everyday usage, the term fruit ripening refers to the
changes in fruit that make it ready to eat. Such changes typ-
ically include softening due to the enzymatic breakdown
of the cell walls, starch hydrolysis, sugar accumulation, and
the disappearance of organic acids and phenolic com-
pounds, including tannins. From the perspective of the
plant, fruit ripening means that the seeds are ready for dis-
persal.

For seeds whose dispersal depends on animal ingestion,
ripeness and edibility are synonymous. Brightly colored
anthocyanins and carotenoids often accumulate in the epi-
dermis of such fruits, enhancing their visibility. However,
for seeds that rely on mechanical or other means for dis-
persal, fruit ripening may mean drying followed by splitting.
Because of their importance in agriculture, the vast major-
ity of studies on fruit ripening have focused on edible fruits.

Ethylene has long been recognized as the hormone that
accelerates the ripening of edible fruits. Exposure of such
fruits to ethylene hastens the processes associated with
ripening, and a dramatic increase in ethylene production
accompanies the initiation of ripening. However, surveys
of a wide range of fruits have shown that not all of them 
respond to ethylene.

All fruits that ripen in response to ethylene exhibit a
characteristic respiratory rise before the ripening phase
called a climacteric.2 Such fruits also show a spike of eth-
ylene production immediately before the respiratory rise
(Figure 22.4). Inasmuch as treatment with ethylene induces
the fruit to produce additional ethylene, its action can be
described as autocatalytic. Apples, bananas, avocados, and
tomatoes are examples of climacteric fruits.

In contrast, fruits such as citrus fruits and grapes do not
exhibit the respiration and ethylene production rise and are
called nonclimacteric fruits. Other examples of climacteric
and nonclimacteric fruits are given in Table 22.1.

When unripe climacteric fruits are treated with ethylene,
the onset of the climacteric rise is hastened. When noncli-
macteric fruits are treated in the same way, the magnitude
of the respiratory rise increases as a function of the ethylene
concentration, but the treatment does not trigger produc-
tion of endogenous ethylene and does not accelerate ripen-
ing. Elucidation of the role of ethylene in the ripening of cli-
macteric fruits has resulted in many practical applications
aimed at either uniform ripening or the delay of ripening.

Although the effects of exogenous ethylene on fruit ripen-
ing are straightforward and clear, establishing a causal rela-
tion between the level of endogenous ethylene and fruit
ripening is more difficult. Inhibitors of ethylene biosynthe-
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FIGURE 22.4 Ethylene production and respiration. In
banana, ripening is characterized by a climacteric rise in
respiration rate, as evidenced by the increased CO2 produc-
tion. A climacteric rise in ethylene production precedes the
increase in CO2 production, suggesting that ethylene is the
hormone that triggers the ripening process. (From Burg and
Burg 1965.)

1 pL = picoliter = 10–12 L.

2 The term climacteric can be used either as a noun, as in
“most fruits exhibit a climacteric during ripening” or as an
adjective, as in “a climacteric rise in respiration.” The term
nonclimacteric, however, is used only as an adjective.



sis (such as AVG) or of ethylene action (such as CO2, MCP,
or Ag+) have been shown to delay or even prevent ripening.
However, the definitive demonstration that ethylene is
required for fruit ripening was provided by experiments in
which ethylene biosynthesis was blocked by expression of
an antisense version of either ACC synthase or ACC oxidase
in transgenic tomatoes (see Web Topic 22.3). Elimination of
ethylene biosynthesis in these transgenic tomatoes com-
pletely blocked fruit ripening, and ripening was restored by
application of exogenous ethylene (Oeller et al. 1991).

Further demonstration of the requirement for ethylene
in fruit ripening came from the analysis of the never-ripe
mutation in tomato. As the name implies, this mutation
completely blocks the ripening of tomato fruit. Molecular
analysis revealed that never-ripe was due to a mutation in
an ethylene receptor that rendered it unable to bind eth-
ylene (Lanahan et al. 1994). These experiments provided
unequivocal proof of the role of ethylene in fruit ripening,
and they opened the door to the manipulation of fruit
ripening through biotechnology.

In tomatoes several genes have been identified that are
highly regulated during ripening (Gray et al. 1994). During
tomato fruit ripening, the fruit softens as the result of cell
wall hydrolysis and changes from green to red as a conse-
quence of chlorophyll loss and the synthesis of the
carotenoid pigment lycopene. At the same time, aroma and
flavor components are produced.

Analysis of mRNA from tomato fruits from wild-type
and transgenic tomato plants genetically engineered to lack
ethylene has revealed that gene expression during ripen-
ing is regulated by at least two independent pathways:

1. An ethylene-dependent pathway includes genes
involved in lycopene and aroma biosynthesis, respi-
ratory metabolism, and ACC synthase.

2. A developmental, ethylene-independent pathway includes
genes encoding ACC oxidase and chlorophyllase.

Thus, not all of the processes associated with ripening in
tomato are ethylene dependent.

Leaf Epinasty Results When ACC from the Root Is
Transported to the Shoot
The downward curvature of leaves that occurs when the
upper (adaxial) side of the petiole grows faster than the
lower (abaxial) side is termed epinasty (Figure 22.5B). Eth-
ylene and high concentrations of auxin induce epinasty,
and it has now been established that auxin acts indirectly
by inducing ethylene production. As will be discussed later
in the chapter, a variety of stress conditions, such as salt
stress or pathogen infection, increase ethylene production
and also induce epinasty. There is no known physiological
function for the response.

In tomato and other dicots, flooding (waterlogging) or
anaerobic conditions around the roots enhances the syn-
thesis of ethylene in the shoot, leading to the epinastic
response. Because these environmental stresses are sensed
by the roots and the response is displayed by the shoots,
a signal from the roots must be transported to the shoots.
This signal is ACC, the immediate precursor of ethylene.
ACC levels were found to be significantly higher in the
xylem sap after flooding of tomato roots for 1 to 2 days
(Figure 22.6) (Bradford and Yang 1980).

Because water fills the air spaces in waterlogged soil
and O2 diffuses slowly through water, the concentration of
oxygen around flooded roots decreases dramatically. The
elevated production of ethylene appears to be caused by
the accumulation of ACC in the roots under anaerobic con-
ditions, since the conversion of ACC to ethylene requires
oxygen (see Figure 22.1). The ACC accumulated in the
anaerobic roots is then transported to shoots via the tran-
spiration stream, where it is readily converted to ethylene.

Ethylene Induces Lateral Cell Expansion
At concentrations above 0.1 µL L–1, ethylene changes the
growth pattern of seedlings by reducing the rate of elon-
gation and increasing lateral expansion, leading to swelling
of the region below the hook. These effects of ethylene are
common to growing shoots of most dicots, forming part of
the triple response. In Arabidopsis, the triple response con-
sists of inhibition and swelling of the hypocotyl, inhibition
of root elongation, and exaggeration of the apical hook
(Figure 22.7).

As discussed in Chapter 15, the directionality of plant
cell expansion is determined by the orientation of the cel-
lulose microfibrils in the cell wall. Transverse microfibrils
reinforce the cell wall in the lateral direction, so that turgor
pressure is channeled into cell elongation. The orientation
of the microfibrils in turn is determined by the orientation
of the cortical array of microtubules in the cortical (periph-
eral) cytoplasm. In typical elongating plant cells, the corti-
cal microtubules are arranged transversely, giving rise to
transversely arranged cellulose microfibrils.
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TABLE 22.1
Climacteric and nonclimacteric fruits

Climacteric Nonclimacteric

Apple Bell pepper
Avocado Cherry
Banana Citrus
Cantaloupe Grape
Cherimoya Pineapple
Fig Snap bean
Mango Strawberry
Olive Watermelon
Peach
Pear
Persimmon
Plum
Tomato



During the seedling triple response to ethylene, the
transverse pattern of microtubule alignment is disrupted,
and the microtubules switch over to a longitudinal orien-
tation. This 90° shift in microtubule orientation leads to a
parallel shift in cellulose microfibril deposition. The newly
deposited wall is reinforced in the longitudinal direction

rather than the transverse direction, which promotes lat-
eral expansion instead of elongation.

How do microtubules shift from one orientation to
another? To study this phenomenon, pea (Pisum sativum)
epidermal cells were injected with the microtubule protein
tubulin, to which a fluorescent dye was covalently
attached. The fluorescent “tag” did not interfere with the
assembly of microtubules. This procedure allowed
researchers to monitor the assembly of microtubules in liv-
ing cells using a confocal laser scanning microscope, which
can focus in many planes throughout the cell.

It was found that microtubules do not reorient from the
transverse to the longitudinal direction by complete
depolymerization of the transverse microtubules followed
by repolymerization of a new longitudinal array of micro-
tubules. Instead, increasing numbers of nontransversely
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FIGURE 22.5 Some physiological effects of ethylene on plant
tissue in various developmental stages. (A) Triple response
of etiolated pea seedlings. Six-day-old pea seedlings were
treated with 10 ppm (parts per million) ethylene (right) or
left untreated (left). The treated seedlings show a radial
swelling, inhibition of elongation of the epicotyl, and hori-
zontal growth of the epicotyl (diagravitropism). (B)
Epinasty, or downward bending of the tomato leaves (right),
is caused by ethylene treatment. Epinasty results when the
cells on the upper side of the petiole grow faster than those
on the bottom. (C) Inhibition of flower senescence by inhibi-
tion of ethylene action. Carnation flowers were held in
deionized water for 14 days with (left) or without (right)
silver thiosulfate (STS), a potent inhibitor of ethylene action.
Blocking of ethylene results in a marked inhibition of floral
senescence. (D) Promotion of root hair formation by ethyl-
ene in lettuce seedlings. Two-day-old seedlings were treated
with air (left) or 10 ppm ethylene (right) for 24 hours before
the photo was taken. Note the profusion of root hairs on the
ethylene-treated seedling. (A and B courtesy of S. Gepstein;
C from Reid 1995, courtesy of M. Reid; D from Abeles et al.
1992, courtesy of F. Abeles.)
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aligned microtubules appear in particular locations (Fig-
ure 22.8). Neighboring microtubules then adopt the new
alignment, so at one stage different alignments coexist
before they adopt a uniformly longitudinal orientation
(Yuan et al., 1994). Although the reorientations observed
in this study were spontaneous rather than induced by
ethylene, it is presumed that ethylene-induced micro-
tubule reorientation operates by a similar mechanism.

The Hooks of Dark-Grown Seedlings Are
Maintained by Ethylene Production
Etiolated dicot seedlings are usually characterized by a
pronounced hook located just behind the shoot apex (see
Figure 22.7). This hook shape facilitates penetration of the
seedling through the soil, protecting the tender apical
meristem.

Like epinasty, hook formation and maintenance result
from ethylene-induced asymmetric growth. The closed
shape of the hook is a consequence of the more rapid
elongation of the outer side of the stem compared with
the inner side. When the hook is exposed to white light,
it opens because the elongation rate of the inner side
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FIGURE 22.7 The triple response in Arabidopsis. Three-day-
old etiolated seedlings grown in the presence (right) or
absence (left) of 10 ppm ethylene. Note the shortened
hypocotyl, reduced root elongation and exaggeration of the
curvature of the apical hook that results from the presence
of ethylene.
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FIGURE 22.6 Changes in the amounts of ACC in the xylem
sap and ethylene production in the petiole following flood-
ing of tomato plants. ACC is synthesized in roots, but it is
converted to ethylene very slowly under anaerobic condi-
tions of flooding. ACC is transported via the xylem to the
shoot, where it is converted to ethylene. The gaseous ethyl-
ene cannot be transported, so it usually affects the tissue
near the site of its production. The ethylene precursor ACC
is transportable and can produce ethylene far from the site
of ACC synthesis. (From Bradford and Yang 1980.)

FIGURE 22.8 Reorientation of microtubules from transverse to
vertical in pea stem epidermis cells in response to wounding. A
living epidermal cell was microinjected with rhodamine-conju-
gated tubulin, which incorporates into the plant microtubules.
A time series of approximately 6-minute intervals shows the
cortical microtubules undergoing reorientation from net trans-
verse to oblique/longitudinal. The reorientation seems to
involve the appearance of patches of new “discordant” micro-
tubules in the new direction, concomitant with the disappear-
ance of microtubules from  the previous alignment. (From Yuan
et al. 1994, photo courtesy of C. Lloyd.)Transverse microtubules



increases, equalizing the growth rates on both sides. The
kinematic aspects of hook growth (i.e., maintenance of the
hook shape over time) were discussed in Chapter 16.

Red light induces hook opening, and far-red light
reverses the effect of red, indicating that phytochrome is
the photoreceptor involved in this process (see Chapter 17).
A close interaction between phytochrome and ethylene
controls hook opening. As long as ethylene is produced by
the hook tissue in the dark, elongation of the cells on the
inner side is inhibited. Red light inhibits ethylene forma-
tion, promoting growth on the inner side, thereby causing
the hook to open.

The auxin-insensitive mutation axr1 and treatment of
wild-type seedlings with NPA (1-N-naphthylphthalamic
acid), an inhibitor of polar auxin transport, both block the
formation of the apical hook in Arabidopsis. These and other
results indicate a role for auxin in maintaining hook struc-
ture. The more rapid growth rate of the outer tissues rela-
tive to the inner tissues could reflect an ethylene-dependent
auxin gradient, analogous to the lateral auxin gradient that
develops during phototropic curvature (see Chapter 19).

A gene required for formation of the apical hook,
HOOKLESS1 (so called because mutations in this gene
result in seedlings lacking an apical hook), was identified
in Arabidopsis (Lehman et al. 1996). Disruption of this gene
severely alters the pattern of expression of auxin-respon-
sive genes. When the gene is overexpressed in Arabidopsis,
it causes constitutive hook formation even in the light.
HOOKLESS1 encodes a putative N-acetyltransferase that is
hypothesized to regulate—by an unknown mechanism—
differential auxin distribution in the apical hook induced
by ethylene.

Ethylene Breaks Seed and Bud Dormancy in Some
Species
Seeds that fail to germinate under normal conditions (water,
oxygen, temperature suitable for growth) are said to be dor-
mant (see Chapter 23). Ethylene has the ability to break dor-
mancy and initiate germination in certain seeds, such as
cereals. In addition to its effect on dormancy, ethylene
increases the rate of seed germination of several species. In
peanuts (Arachis hypogaea), ethylene production and seed
germination are closely correlated. Ethylene can also break
bud dormancy, and ethylene treatment is sometimes used to
promote bud sprouting in potato and other tubers.

Ethylene Promotes the Elongation Growth of
Submerged Aquatic Species
Although usually thought of as an inhibitor of stem elon-
gation, ethylene is able to promote stem and petiole elon-
gation in various submerged or partially submerged
aquatic plants. These include the dicots Ranunculus sceler-
atus, Nymphoides peltata, and Callitriche platycarpa, and the
fern Regnellidium diphyllum. Another agriculturally impor-
tant example is the cereal deepwater rice (see Chapter 20).

In these species, submergence induces rapid internode
or petiole elongation, which allows the leaves or upper
parts of the shoot to remain above water. Treatment with
ethylene mimics the effects of submergence.

Growth is stimulated in the submerged plants because
ethylene builds up in the tissues. In the absence of O2, eth-
ylene synthesis is diminished, but the loss of ethylene by
diffusion is retarded under water. Sufficient oxygen for
growth and ethylene synthesis in the underwater parts is
usually provided by aerenchyma tissue.

As we saw in Chapter 20, in deepwater rice it has been
shown that ethylene stimulates internode elongation by
increasing the amount of, and the sensitivity to, gibberellin
in the cells of the intercalary meristem. The increased sen-
sitivity to GA (gibberellic acid) in these cells in response to
ethylene is brought about by a decrease in the level of
abscisic acid (ABA), a potent antagonist of GA.

Ethylene Induces the Formation of Roots 
and Root Hairs
Ethylene is capable of inducing adventitious root forma-
tion in leaves, stems, flower stems, and even other roots.
Ethylene has also been shown to act as a positive regulator
of root hair formation in several species (see Figure 22.5D).
This relationship has been best studied in Arabidopsis, in
which root hairs normally are located in the epidermal cells
that overlie a junction between the underlying cortical cells
(Dolan et al. 1994).

In ethylene-treated roots, extra hairs form in abnormal
locations in the epidermis; that is, cells not overlying a cor-
tical cell junction differentiate into hair cells (Tanimoto et al.
1995). Seedlings grown in the presence of ethylene inhibitors
(such as Ag+), as well as ethylene-insensitive mutants, dis-
play a reduction in root hair formation in response to ethyl-
ene. These observations suggest that ethylene acts as a pos-
itive regulator in the differentiation of root hairs.

Ethylene Induces Flowering in the
Pineapple Family
Although ethylene inhibits flowering in many species, it
induces flowering in pineapple and its relatives, and it is
used commercially in pineapple for synchronization of fruit
set. Flowering of other species, such as mango, is also ini-
tiated by ethylene. On plants that have separate male and
female flowers (monoecious species), ethylene may change
the sex of developing flowers (see Chapter 24). The pro-
motion of female flower formation in cucumber is one
example of this effect.

Ethylene Enhances the Rate of Leaf Senescence
As described in Chapter 16, senescence is a genetically pro-
grammed developmental process that affects all tissues of
the plant. Several lines of physiological evidence support
roles for ethylene and cytokinins in the control of leaf
senescence:
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• Exogenous applications of ethylene or ACC (the pre-
cursor of ethylene) accelerate leaf senescence, and
treatment with exogenous cytokinins delays leaf
senescence (see Chapter 21).

• Enhanced ethylene production is associated with
chlorophyll loss and color fading, which are charac-
teristic features of leaf and flower senescence (see
Figure 22.5C); an inverse correlation has been found
between cytokinin levels in leaves and the onset of
senescence.

• Inhibitors of ethylene synthesis (e.g., AVG or Co2+)
and action (e.g., Ag+ or CO2) retard leaf senescence.

Taken together, the physiological studies suggest that
senescence is regulated by the balance of ethylene and
cytokinin. In addition, abscisic acid (ABA) has been impli-
cated in the control of leaf senescence. The role of ABA in
senescence will be discussed in Chapter 23.

Senescence in ethylene mutants. Direct evidence for
the involvement of ethylene in the regulation of leaf
senescence has come from molecular genetic studies on
Arabidopsis. As will be discussed later in the chapter, sev-
eral mutants affecting the response to ethylene have been
identified. The specific bioassay employed was the triple-
response assay in which ethylene significantly inhibits
seedling hypocotyl elongation and promotes lateral
expansion.

Ethylene-insensitive mutants, such as etr1 (ethylene-
resistant 1) and ein2 (ethylene-insensitive 2), were identi-
fied by their failure to respond to ethylene (as will be
described later in the chapter). The etr1 mutant is unable
to perceive the ethylene signal because of a mutation in the
gene that codes for the ethylene receptor protein; the ein2
mutant is blocked at a later step in the signal transduction
pathway.

Consistent with a role for ethylene in leaf senescence,
both etr1 and ein2 were found to be affected not only dur-
ing the early stages of germination, but throughout the life
cycle, including senescence (Zacarias and Reid 1990;
Hensel et al. 1993; Grbič  and Bleecker 1995). The ethylene
mutants retained their chlorophyll and other chloroplast
components for a longer period of time compared to the
wild type. However, because the total life spans of these
mutants were increased by only 30% over that of the wild
type, ethylene appears to increase the rate of senescence,
rather than acting as a developmental switch that initiates
the senescence process.

Use of genetic engineering to probe senescence. Another
very useful genetic approach that offers direct evidence for
the function of specific gene(s) is based on transgenic
plants. Through genetic engineering technology, the roles
of both ethylene and cytokinins in the regulation of leaf
senescence have been confirmed. 

One way to suppress the expression of a gene is to trans-
form the plant with antisense DNA, which consists of the
gene of interest in the reverse orientation with respect to
the promoter. When the antisense gene is transcribed, the
resulting antisense mRNA is complementary to the sense
mRNA and will hybridize to it. Because double-stranded
RNA is rapidly degraded in the cell, the effect of the anti-
sense gene is to deplete the cell of the sense mRNA.

Transgenic plants expressing antisense versions of genes
that encode enzymes involved in the ethylene biosynthetic
pathway, such as ACC synthase and ACC oxidase, can syn-
thesize ethylene only at very low levels. Consistent with
a role for ethylene in senescence, such antisense mutants
have been shown to exhibit delayed leaf senescence, as well
as fruit ripening, in tomato (see Web Topic 22.1).

The Role of Ethylene in Defense Responses 
Is Complex
Pathogen infection and disease will occur only if the inter-
actions between host and pathogen are genetically com-
patible. However, ethylene production generally increases
in response to pathogen attack in both compatible (i.e.,
pathogenic) and noncompatible (nonpathogenic) interac-
tions.

The discovery of ethylene-insensitive mutants has
allowed the role of ethylene in the response to various
pathogens to be assessed. The emerging picture is that the
involvement of ethylene in pathogenesis is complex and
depends on the particular host–pathogen interaction. For
example, blocking the ethylene response does not affect the
resistance response to Pseudomonas bacteria in Arabidopsis
or to tobacco mosaic virus in tobacco. In compatible inter-
actions of these pathogens and hosts, however, elimination
of ethylene responsiveness prevents the development of
disease symptoms, even though the growth of the
pathogen appears to be unaffected.

On the other hand, ethylene, in combination with jas-
monic acid (see Chapter 13), is required for the activation
of several plant defense genes. In addition, ethylene-insen-
sitive tobacco and Arabidopsis mutants become susceptible
to several necrotrophic (cell-killing) soil fungal pathogens
that are normally not plant pathogens. Thus, ethylene
appears to be involved in the resistance response to some
pathogens, but not others.

Ethylene Biosynthesis in the Abscission Zone Is
Regulated by Auxin
The shedding of leaves, fruits, flowers, and other plant
organs is termed abscission (see Web Topic 22.4). Abscis-
sion takes place in specific layers of cells, called abscission
layers, which become morphologically and biochemically
differentiated during organ development. Weakening of
the cell walls at the abscission layer depends on cell
wall–degrading enzymes such as cellulase and polygalac-
turonase (Figure 22.9).
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The ability of ethylene gas to cause
defoliation in birch trees is shown in Fig-
ure 22.10. The wild-type tree on the left
has lost all its leaves. The tree on the right
has been transformed with a gene for the
Arabidopsis ethylene receptor ETR1-1 car-
rying a dominant mutation (discussed in
the next section). This tree is unable to
respond to ethylene and does not shed its
leaves after ethylene treatment.

Ethylene appears to be the primary
regulator of the abscission process, with
auxin acting as a suppressor of the ethyl-
ene effect (see Chapter 19). However,
supraoptimal auxin concentrations stimu-
late ethylene production, which has led to
the use of auxin analogs as defoliants. For
example, 2,4,5-T, the active ingredient in
Agent Orange, was widely used as a defo-
liant during the Vietnam War. Its action is
based on its ability to increase ethylene
biosynthesis, thereby stimulating leaf
abscission.

A model of the hormonal control of leaf
abscission describes the process in three
distinct sequential phases (Figure 22.11)
(Reid 1995):

1. Leaf maintenance phase. Prior to the
perception of any signal (internal or
external) that initiates the abscission
process, the leaf remains healthy and
fully functional in the plant. A gradi-
ent of auxin from the blade to the
stem maintains the abscission zone
in a nonsensitive state.

2. Shedding induction phase. A reduction
or reversal in the auxin gradient
from the leaf, normally associated
with leaf senescence, causes the
abscission zone to become sensitive
to ethylene. Treatments that enhance
leaf senescence may promote abscis-
sion by interfering with auxin syn-
thesis and/or transport in the leaf.

3. Shedding phase. The sensitized cells
of the abscission zone respond to
low concentrations of endogenous
ethylene by synthesizing and secret-
ing cellulase and other cell
wall–degrading enzymes, resulting
in shedding.

During the early phase of leaf mainte-
nance, auxin from the leaf prevents abscis-
sion by maintaining the cells of the abscis-
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FIGURE 22.9 During the formation of the abscission layer, in this case that of
jewelweed (Impatiens), two or three rows of cells in the abscission zone (A)
undergo cell wall breakdown because of an increase in cell wall–hydrolyzing
enzymes (B). The resulting protoplasts round up and increase in volume,
pushing apart the xylem tracheary cells, and facilitating the separation of the
leaf from the stem. (From Sexton et al. 1984.)

FIGURE 22.10 Effect of ethylene on abscis-
sion in birch (Betaul pendula). The plant on
the left is the wild type; the plant on the
right was transformed with a mutated
version of the Arabidopsis ethylene recep-
tor, ETR1-1. The expression of this gene
was under the transcriptional control of
its own promoter. One of the characteris-
tics of these mutant trees is that they do
not drop their leaves when fumigated 3
days with 50 ppm of ethylene.



sion zone in an ethylene-insensitive state. It has long been
known that removal of the leaf blade (the site of auxin pro-
duction) promotes petiole abscission. Application of exoge-
nous auxin to petioles from which the leaf blade has been
removed delays the abscission process. However, applica-
tion of auxin to the proximal side of the abscission zone
(i.e., the side closest to the stem) actually accelerates the
abscission process. These results indicate that it is not the
absolute amount of auxin at the abscission zone, but rather
the auxin gradient, that controls the ethylene sensitivity of
these cells.

In the shedding induction phase, the amount of auxin
from the leaf decreases and the ethylene level rises. Ethyl-
ene appears to decrease the activity of auxin both by reduc-
ing its synthesis and transport and by increasing its
destruction. The reduction in the concentration of free
auxin increases the response of specific target cells to eth-
ylene. The shedding phase is characterized by the induc-
tion of genes encoding specific hydrolytic enzymes of cell
wall polysaccharides and proteins.

The target cells, located in the abscission zone, synthesize
cellulase and other polysaccharide-degrading enzymes,
and secrete them into the cell wall via secretory vesicles
derived from the Golgi. The action of these enzymes leads
to cell wall loosening, cell separation, and abscission.

Ethylene Has Important Commercial Uses
Because ethylene regulates so many physiological
processes in plant development, it is one of the most
widely used plant hormones in agriculture. Auxins and
ACC can trigger the natural biosynthesis of ethylene and
in several cases are used in agricultural practice. Because
of its high diffusion rate, ethylene is very difficult to apply
in the field as a gas, but this limitation can be overcome

if an ethylene-releasing compound is used. The most
widely used such compound is ethephon, or 2-
chloroethylphosphonic acid, which was discovered in the
1960s and is known by various trade names, such as
Ethrel.

Ethephon is sprayed in aqueous solution and is readily
absorbed and transported within the plant. It releases eth-
ylene slowly by a chemical reaction, allowing the hormone
to exert its effects:

Ethephon hastens fruit ripening of apple and tomato
and degreening of citrus, synchronizes flowering and fruit
set in pineapple, and accelerates abscission of flowers and
fruits. It can be used to induce fruit thinning or fruit drop
in cotton, cherry, and walnut. It is also used to promote
female sex expression in cucumber, to prevent self-polli-
nation and increase yield, and to inhibit terminal growth
of some plants in order to promote lateral growth and
compact flowering stems.

Storage facilities developed to inhibit ethylene produc-
tion and promote preservation of fruits have a controlled
atmosphere of low O2 concentration and low temperature
that inhibits ethylene biosynthesis. A relatively high con-
centration of CO2 (3 to 5%) prevents ethylene’s action as a
ripening promoter. Low pressure (vacuum) is used to
remove ethylene and oxygen from the storage chambers,
reducing the rate of ripening and preventing overripening.

Specific inhibitors of ethylene biosynthesis and action
are also useful in postharvest preservation. Silver (Ag+) is
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Leaf maintenance phase
High auxin from leaf reduces 
ethylene sensitivity of abscission 
zone and prevents leaf shedding.

Shedding induction phase
A reduction in auxin from the
leaf increases ethylene production
and ethylene sensitivity in the 
abscission zone, which triggers 
the shedding phase.

Shedding phase
Synthesis of enzymes that 
hydrolyze the cell wall
polysaccharides, resulting in cell
separation and leaf abscission.

Auxin Auxin

Ethylene

Separation layer
digested

Yellowing

FIGURE 22.11 Schematic view of the roles of auxin and eth-
ylene during leaf abscission. In the shedding induction
phase, the level of auxin decreases, and the level of ethyl-
ene increases. These changes in the hormonal balance
increase the sensitivity of the target cells to ethylene. 
(After Morgan 1984.) 



used extensively to increase the longevity of cut carnations
and several other flowers. The potent inhibitor AVG retards
fruit ripening and flower fading, but its commercial use has
not yet been approved by regulatory agencies. The strong,

offensive odor of trans-cyclooctene precludes its use in agri-
culture. Currently, 1-methylcyclopropene (MCP) is being
developed for use in a variety of postharvest applications. 

The near future may see a variety of agriculturally
important species that have been genetically modified to
manipulate the biosynthesis of ethylene or its perception.
The inhibition of ripening in tomato by expression of an
antisense version of ACC synthase and ACC oxidase has
already been mentioned. Another example of this technol-
ogy is in petunia, in which ethylene biosynthesis has been
blocked by transformation of an antisense version of ACC
oxidase. Senescence and petal wilting of cut flowers are
delayed for weeks in these transgenic plants.

CELLULAR AND MOLECULAR MODES OF
ETHYLENE ACTION
Despite the broad range of ethylene’s effects on develop-
ment, the primary steps in ethylene action are assumed to
be similar in all cases: They all involve binding to a recep-
tor, followed by activation of one or more signal transduc-
tion pathways (see Chapter 14 on the web site) leading to
the cellular response. Ultimately, ethylene exerts its effects
primarily by altering the pattern of gene expression. In
recent years, remarkable progress has been made in our
understanding of ethylene perception, as the result of mol-
ecular genetic studies of Arabidopsis thaliana.

One key to the elucidation of ethylene signaling com-
ponents has been the use of the triple-response morphol-
ogy of etiolated Arabidopsis seedlings to isolate mutants
affected in their response to ethylene (see Figure 22.7)
(Guzman and Ecker 1990). Two classes of mutants have
been identified by experiments in which mutagenized Ara-
bidopsis seeds were grown on an agar medium in the pres-
ence or absence of ethylene for 3 days in the dark:

1. Mutants that fail to respond to exogenous ethylene
(ethylene-resistant or ethylene-insensitive mutants)

2. Mutants that display the response even in the
absence of ethylene (constitutive mutants)

Ethylene-insensitive mutants are identified as tall
seedlings extending above the lawn of short, triple-
responding seedlings when grown in the presence of eth-

ylene. Conversely, constitutive ethylene response mutants
are identified as seedlings displaying the triple response in
the absence of exogenous ethylene.

Ethylene Receptors Are Related to Bacterial Two-
Component System Histidine Kinases
The first ethylene-insensitive mutant isolated was etr1
(ethylene-resistant 1) (Figure 22.12). The etr1 mutant was
identified in a screen for mutations that block the
response of Arabidopsis seedlings to ethylene. The amino
acid sequence of the carboxy-terminal half of ETR1 is sim-
ilar to bacterial two-component histidine kinases—recep-
tors used by bacteria to perceive various environmental
cues, such as chemo-sensory stimuli, phosphate avail-
ability, and osmolarity.

Bacterial two-component systems consist of a sensor his-
tidine kinase and a response regulator, which often acts as
a transcription factor (see Chapter 14 on the web site).
ETR1 was the first example of a eukaryotic histidine kinase,
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FIGURE 22.12 Screen for the etr1 mutant of Arabidopsis.
Seedlings were grown for 3 days in the dark in ethylene.
Note that all but one of the seedlings are exhibiting the
triple response: exaggeration in curvature of the apical
hook, inhibition and radial swelling of the hypocotyl, and
horizontal growth. The etr1 mutant is completely insensi-
tive to the hormone and grows like an untreated seedling.
(Photograph by K. Stepnitz of the MSU/DOE Plant
Research Laboratory.)



but others have since been found in yeast, mammals, and
plants. Both phytochrome (see Chapter 17) and the
cytokinin receptor (see Chapter 21) also share sequence
similarity to bacterial two-component histidine kinases.

The similarity to bacterial receptors and the ethylene
insensitivity of the etr1 mutants suggested that ETR1 might
be an ethylene receptor. Consistent with this hypothesis,
ETR1 expression in yeast conferred the ability to bind radi-
olabeled ethylene with an affinity that closely parallels the
dose-response curve of Arabidopsis seedlings to ethylene
(see Web Topic 22.5).

The Arabidopsis genome encodes four additional pro-
teins similar to ETR1 that also function as ethylene recep-
tors: ETR2, ERS1 (ETR1-related sequence 1), ERS2, and
EIN4 (Figure 22.13). Like ETR1, these receptors have been
shown to bind ethylene, and missense mutations in the
genes that encode these proteins, analogous to the original
etr1 mutation, prevent ethylene binding to the receptor
while allowing the receptor to function normally as a reg-
ulator of the ethylene response pathway in the absence of
ethylene.

All of these proteins share at least two domains:

1. The amino-terminal domain spans the membrane at
least three times and contains the ethylene-binding
site. Ethylene can readily access this site because of
its hydrophobicity.

2. The middle portion of the ethylene receptors con-
tains a histidine kinase catalytic domain.

A subset of the ethylene receptors also have a carboxy-
terminal domain that is similar to bacterial two-component
receiver domains. In other two-component systems, binding
of ligand regulates the activity of the histidine kinase
domain, which autophosphorylates a conserved histidine
residue. The phosphate is then transferred to an aspartic acid
residue located within the fused receiver domain.Although
histidine kinase activity has been demonstrated for one of
the ethylene receptors—ETR1—several others are missing
critical amino acids, making it unlikely that they possess his-

tidine kinase activity. Thus the biochemical mechanism of
these ethylene receptors is not known.

Recent studies indicate that ETR1 is located on the endo-
plasmic reticulum, rather than on the plasma membrane as
originally assumed. Such an intracellular location for the
ethylene receptor is consistent with the hydrophobic nature
of ethylene, which enables it to pass freely through the
plasma membrane into the cell. In this respect ethylene is
similar to the hydrophobic signaling molecules of animals,
such as steroids and the gas nitric oxide, which also bind
to intracellular receptors.

High-Affinity Binding of Ethylene to Its Receptor
Requires a Copper Cofactor
Even prior to the identification of its receptor, scientists had
predicted that ethylene would bind to its receptor via a
transition metal cofactor, most likely copper or zinc. This
prediction was based on the high affinity of olefins, such as
ethylene, for these transition metals. Recent genetic and
biochemical studies have borne out these predictions. 

Analysis of the ETR1 ethylene receptor expressed in
yeast demonstrated that a copper ion was coordinated to
the protein and that this copper was necessary for high-
affinity ethylene binding (Rodriguez et al. 1999). Silver ion
could substitute for copper to yield high-affinity binding,
which indicates that silver blocks the action of ethylene not
by interfering with ethylene binding, but by preventing the
changes in the protein that normally occur when ethylene
binds to the receptor.

Evidence that copper binding is required for ethylene
receptor function in vivo came from identification of the
RAN1 gene in Arabidopsis (Hirayama et al. 1999). Strong
ran1 mutations block the formation of functional ethylene
receptors (Woeste and Kieber 2000). Cloning of RAN1
revealed that it encodes a protein similar to a yeast protein
required for the transfer of a copper ion cofactor to an iron
transport protein. In an analogous manner, RAN1 is likely
to be involved in the addition of a copper ion cofactor nec-
essary for the function of the ethylene receptors.
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Unbound Ethylene Receptors Are Negative
Regulators of the Response Pathway
In Arabidopsis, tomato, and probably most other plant
species, the ethylene receptors are encoded by multigene
families. Targeted disruption (complete inactivation) of the
five Arabidopsis ethylene receptors (ETR1, ETR2, ERS1,
ERS2, and EIN4) has revealed that they are functionally
redundant (Hua and Meyerowitz 1998). That is, disruption
of any single gene encoding one of these proteins has no
effect, but a plant with disruptions in all five receptor
genes exhibits a constitutive ethylene response phenotype
(Figure 22.14D).

The observation that ethylene responses, such as the
triple response, become constitutive when the receptors are
disrupted indicates that the receptors are normally “on”

(i.e., in the active state) in the absence of ethylene, and that
the function of the receptor minus its ligand (ethylene), is
to shut off the signaling pathway that leads to the response
(Figure 22.14B). Binding of ethylene turns off the receptors,
thus allowing the response pathway to proceed (Figure
22.14A).

This somewhat counterintuitive model for ethylene
receptors as negative regulators of a signaling pathway is
unlike the mechanism of most animal receptors, which,
after binding their ligands, serve as positive regulators of
their respective signal transduction pathways.

In contrast to the disrupted receptors, receptors with
missense mutations at the ethylene binding site (as occurs
in the original etr1 mutant) are unable to bind ethylene,
but are still active as negative regulators of the ethylene
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response pathway. Such missense mutations result in a
plant that expresses a subset of receptors that can no
longer be turned off by ethylene, and thus confer a domi-
nant ethylene-insensitive phenotype (Figure 22.14C). Even
though the normal receptors can all be turned off by eth-
ylene, the mutant receptors continue to signal the cell to
suppress ethylene responses whether ethylene is present
or not.

A Serine/Threonine Protein Kinase Is Also Involved
in Ethylene Signaling
The recessive ctr1 (constitutive triple response 1 = triple
response in the absence of ethylene) mutation was identi-
fied in screens for mutations that constitutively activated
ethylene responses (Figure 22.15). The fact that the muta-
tion caused an activation of the ethylene response suggests
that the wild-type protein also acts as a negative regulator of
the response pathway (Kieber et al. 1993), similar to the
ethylene receptors. 

CTR1 appears to be related to RAF-1, a MAPKKK ser-
ine/threonine protein kinase (mitogen-activated protein
kinase kinase kinase) that is involved in the transduction of
various external regulatory signals and developmental sig-
naling pathways in organisms ranging from yeast to
humans (see Chapter 14 on the web site). In animal cells,
the final product in the MAP kinase cascade is a phospho-
rylated transcription factor that regulates gene expression
in the nucleus.

EIN2 Encodes a Transmembrane Protein
The ein2 (ethylene-insensitive 2) mutation blocks all ethyl-
ene responses in both seedling and adult Arabidopsis plants.
The EIN2 gene encodes a protein containing 12 membrane-
spanning domains that is most similar to the N-RAMP

(natural resistance–associated macrophage protein) family
of cation transporters in animals (Alonso et al. 1999), sug-
gesting that it may act as a channel or pore. To date, how-
ever, researchers have failed to demonstrate a transport
activity for this protein, and the intracellular location of the
protein is not known. 

Interestingly, mutations in the EIN2 gene have also been
identified in genetic screens for resistance to other hor-
mones, such as jasmonic acid and ABA, suggesting that
EIN2 may be a common intermediate in the signal trans-
duction pathways of various hormones and other chemi-
cal signals.

Ethylene Regulates Gene Expression
One of the primary effects of ethylene signaling is an alter-
ation in the expression of various target genes. Ethylene
affects the mRNA transcript levels of numerous genes,
including the genes that encode cellulase, as well as ripen-
ing-related genes and ethylene biosynthesis genes. Regula-
tory sequences called ethylene response elements, or EREs,
have been identified from the ethylene-regulated genes.

Key components mediating ethylene’s effects on gene
expression are the EIN3 family of transcription factors
(Chao et al. 1997). There are at least four EIN3-like genes in
Arabidopsis, and homologs have been identified in both
tomato and tobacco. In response to an ethylene signal,
homodimers of EIN3 or its paralogs (closely related pro-
teins), bind to the promoter of a gene called ERF1 (ethylene
response factor 1) and activate its transcription (Solano et
al. 1998). 

ERF1 encodes a protein that belongs to the ERE-binding
protein (EREBP) family of transcription factors, which were
first identified in tobacco as proteins that bind to ERE
sequences (Ohme-Takagi and Shinshi 1995). Several EREBPs
are rapidly up-regulated in response to ethylene. The EREBP
genes exist in Arabidopsis as a very large gene family, but
only a few of the genes are inducible by ethylene.

Genetic Epistasis Reveals the Order of the 
Ethylene Signaling Components
The order of action of the genes ETR1, EIN2, EIN3, and
CTR1 has been determined by the analysis of how the
mutations interact with each other (i.e., their epistatic
order). Two mutants with opposite phenotypes are
crossed, and a line harboring both mutations (the double
mutant) is identified in the F2 generation. In the case of
the ethylene response mutants, researchers constructed a
line doubly mutant for ctr1, a constitutive ethylene
response mutant, and one of the ethylene-insensitive
mutations. 

The phenotype that the double mutant displays reveals
which of the mutations is epistatic to the other. For exam-
ple, if an etr1/ctr1 double mutant displays a ctr1 mutant
phenotype, the ctr1 mutation is said to be epistatic to etr1.
From this it can be inferred that CTR1 acts downstream of
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FIGURE 22.15 Screen for Arabidopsis mutants that constitu-
tively display the triple response. Seedlings were grown for
3 days in the dark in air. A single ctr1 mutant seedling is
evident among the taller, wild-type seedlings. (Courtesy of
J. Kieber.)



ETR1 (Avery and Wasserman 1992). In this way, the order
of action of ETR1, EIN2, and EIN3 were determined rel-
ative to CTR1.

The ETR1 protein has been shown to interact physically
with the predicted downstream protein, CTR1, suggesting
that the ethylene receptors may directly regulate the
kinase activity of CTR1 (Clark et al. 1998). The model in
Figure 22.16 summarizes these and other data. Genes that
are similar to several of these Arabidopsis signaling genes
have been found in other species (see Web Topic 22.6). 

This model is still incomplete because other ethylene
response mutations have been identified that act in this
pathway. In addition, we are only beginning to under-
stand the biochemical properties of these proteins and
how they interact. However, we are beginning to glimpse
the outline of the molecular basis for the perception and
transduction of this hormonal signal.

SUMMARY

Ethylene is formed in most organs of higher plants. Senesc-
ing tissues and ripening fruits produce more ethylene than
do young or mature tissues. The precursor of ethylene in
vivo is the amino acid methionine, which is converted to
AdoMet (S-adenosylmethionine), ACC (1-aminocyclo-
propane-1-carboxylic acid), and ethylene. The rate-limiting
step of this pathway is the conversion of AdoMet to ACC,
which is catalyzed by ACC synthase. ACC synthase is
encoded by members of a multigene family that are differ-
entially regulated in various plant tissues and in response
to various inducers of ethylene biosynthesis.

Ethylene biosynthesis is triggered by various develop-
mental processes, by auxins, and by environmental stresses.
In all these cases the level of activity and of mRNA of ACC
synthase increases. The physiological effects of ethylene can
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be blocked by biosynthesis inhibitors or by antagonists.
AVG (aminoethoxy-vinylglycine) and AOA (aminooxy-
acetic acid) inhibit the synthesis of ethylene; carbon diox-
ide, silver ions, trans-cyclooctene, and MCP inhibit ethyl-
ene action. Ethylene can be detected and measured by gas
chromatography.

Ethylene regulates fruit ripening and other processes
associated with leaf and flower senescence, leaf and fruit
abscission, root hair development, seedling growth, and
hook opening. Ethylene also regulates the expression of
various genes, including ripening-related genes and patho-
genesis-related genes.

The ethylene receptor is encoded by a family of genes
that encode proteins similar to bacterial two-component
histidine kinases. Ethylene binds to these receptors in a
transmembrane domain through a copper cofactor. Down-
stream signal transduction components include CTR1, a
member of the RAF family of protein kinases; and EIN2,
a channel-like transmembrane protein. The pathway acti-
vates a cascade of transcription factors, including the EIN3
and EREBP families, which then modulate gene expression.

Web Material

Web Topics
22.1 Cloning of ACC Synthase

A brief description of the cloning of the gene
for ACC synthase using antibodies raised
against the partially purified protein.

22.2 Cloning of the ACC Oxidase Gene

The ACC oxidase gene was cloned by a cir-
cuitous route using antisense DNA.

22.3 ACC Synthase Gene Expression and 
Biotechnology

A discussion of the use of the ACC synthase
gene in biotechnology.

22.4 Abscission and the Dawn of Agriculture

A short essay on the domestication of modern
cereals based on artificial selection for non-
shattering rachises.

22.5 Ethylene Binding to ETR1 and Seedling
Response to Ethylene

Ethylene-binding to its receptor ETR1 was first
demonstrated by expressing the gene in yeast.

22.6 Conservation of Ethylene Signaling
Components in Other Plant Species

The evidence suggests that ethylene signaling
is similar in all plant species.
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Abscisic Acid:
A Seed Maturation 
and Antistress Signal23

Chapter

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 nongrowth are seed and bud dor-
mancy, adaptive features that delay growth until environmental con-
ditions are favorable. For many years, plant physiologists suspected that
the phenomena of seed and bud dormancy were caused by inhibitory
compounds, and they attempted to extract and isolate such compounds
from a variety of plant tissues, especially dormant buds. 

Early experiments used paper chromatography for the separation of
plant extracts, as well as bioassays based on oat coleoptile growth. These
early experiments led to the identification of a group of growth-inhibit-
ing compounds, including a substance known as dormin purified from
sycamore leaves collected in early autumn, when the trees were enter-
ing dormancy. Upon discovery that dormin was chemically identical to
a substance that promotes the abscission of cotton fruits, abscisin II, the
compound was renamed abscisic acid (ABA) (see Figure 23.1), to reflect
its supposed involvement in the abscission process.

It is now known that ethylene is the hormone that triggers abscission
and that ABA-induced abscission of cotton fruits is due to ABA’s ability
to stimulate ethylene production. As will be discussed in this chapter,
ABA is now recognized as an important plant hormone in its own right.
It inhibits growth and stomatal opening, particularly when the plant is
under environmental stress. Another important function is its regulation
of seed maturation and dormancy. In retrospect, dormin would have
been a more appropriate name for this hormone, but the name abscisic
acid is firmly entrenched in the literature.

OCCURRENCE, CHEMICAL STRUCTURE, AND
MEASUREMENT OF ABA
Abscisic acid has been found to be a ubiquitous plant hormone in vas-
cular plants. It has been detected in mosses but appears to be absent in



liverworts (see Web Topic 23.1). Several genera of fungi
make ABA as a secondary metabolite (Milborrow 2001).
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 chloro-
plasts or amyloplasts.

The Chemical Structure of ABA Determines Its
Physiological Activity
ABA is a 15-carbon compound that resembles the terminal
portion of some carotenoid molecules (Figure 23.1). The
orientation of the carboxyl group at carbon 2 determines
the cis and trans isomers of ABA. Nearly all the naturally
occurring ABA is in the cis form, and by convention the
name abscisic acid refers to that isomer.

ABA also has an asymmetric carbon atom at position 1′
in the ring, resulting in the S and R (or + and –, respec-
tively) 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. The S
enantiomer is the only one that is active in fast responses
to ABA, such as stomatal closure. In long-term responses,
such as seed maturation, both enantiomers are active. In
contrast to the cis and trans isomers, the S and R forms can-
not be interconverted in the plant tissue.

Studies of the structural requirements for biological
activity of ABA have shown that almost any change in the
molecule results in loss of activity (see Web Topic 23.2).

ABA Is Assayed by Biological, Physical, and
Chemical Methods
A variety of bioassays have been used for ABA, including
inhibition of coleoptile growth, germination, or GA-

induced α-amylase synthesis. Alternatively, promotion of
stomatal closure and gene expression are examples of
rapid inductive responses (see Web Topic 23.3).

Physical methods of detection are much more reliable
than bioassays because of their specificity and suitability
for quantitative analysis. The most widely used techniques
are those based on gas chromatography or high-perfor-
mance liquid chromatography (HPLC). Gas chromatogra-
phy allows detection of as little as 10–13 g ABA, but it
requires several preliminary purification steps, including
thin-layer chromatography. Immunoassays are also highly
sensitive and specific.

BIOSYNTHESIS, METABOLISM, AND
TRANSPORT OF ABA
As with the other hormones, the response to ABA depends
on its concentration within the tissue and on the sensitiv-
ity of the tissue to the hormone. The processes of biosyn-
thesis, catabolism, compartmentation, and transport all
contribute to the concentration of active hormone in the tis-
sue at any given stage of development. The complete
biosynthetic pathway of ABA was elucidated with the aid
of ABA-deficient mutants blocked at specific steps in the
pathway.

ABA Is Synthesized from a Carotenoid
Intermediate
ABA biosynthesis takes place in chloroplasts and other
plastids via the pathway depicted in Figure 23.2. Several
ABA-deficient mutants have been identified with lesions
at specific steps of the pathway. These mutants exhibit
abnormal phenotypes that can be corrected by the appli-
cation of exogenous ABA. For example, flacca (flc) and
sitiens (sit) are “wilty mutants” of tomato in which the ten-
dency of the leaves to wilt (due to an inability to close their
stomata) can be prevented by the application of exogenous
ABA. The aba mutants of Arabidopsis also exhibit a wilty
phenotype. These and other mutants have been useful in
elucidating the details of the pathway (Milborrow 2001).

The pathway begins with isopentenyl diphosphate (IPP),
the biological isoprene unit, and leads to the synthesis of the
C40 xanthophyll (i.e., oxygenated carotenoid) violaxanthin
(see Figure 23.2). Synthesis of violaxanthin is catalyzed by
zeaxanthin epoxidase (ZEP), the enzyme encoded by the
ABA1 locus of Arabidopsis. This discovery provided conclu-
sive evidence that ABA synthesis occurs via the “indirect”
or carotenoid pathway, rather than as a small molecule.
Maize mutants (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 (Figure 23.3). Vivip-
ary is a feature of many ABA-deficient seeds.

Violaxanthin is converted to the C40 compound 9′-cis-
neoxanthin, which is then cleaved to form the C15 com-
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pound xanthoxal, previously called xanthoxin, a neutral
growth inhibitor that has physiological properties similar
to those of ABA. The cleavage is catalyzed by 9-cis-epoxy-
carotenoid dioxygenase (NCED), so named because it can
cleave both 9-cis-violaxanthin and 9′-cis-neoxanthin. 

Synthesis of NCED is rapidly induced by water stress,
suggesting that the reaction it catalyzes is a key regulatory
step for ABA synthesis. The enzyme is localized on the thy-
lakoids, where the carotenoid substrate is located. Finally,
xanthoxal is converted to ABA via oxidative steps involv-
ing the intermediate(s) ABA-aldehyde and/or possibly
xanthoxic acid. This final step is catalyzed by a family of
aldehyde oxidases that all require a molybdenum cofactor;
the aba3 mutants of Arabidopsis lack a functional molybde-
num cofactor and are therefore unable to synthesize ABA.

ABA Concentrations in Tissues Are Highly Variable
ABA biosynthesis and concentrations can fluctuate dra-
matically in specific tissues during development or in
response to changing environmental conditions. In devel-
oping seeds, for example, ABA levels can increase 100-fold
within a few days and then decline to vanishingly low lev-
els as maturation proceeds. Under conditions of water
stress, ABA in the leaves can increase 50-fold within 4 to 8
hours. Upon rewatering, the ABA level declines to normal
in the same amount of time.

Biosynthesis is not the only factor that regulates ABA
concentrations in the tissue. As with other plant hormones,
the concentration of free ABA in the cytosol is also regulated
by degradation, compartmentation, conjugation, and trans-
port. For example, cytosolic ABA increases during water

stress as a result of synthesis in the leaf, redistribution
within the mesophyll cell, import from the roots, and recir-
culation from other leaves. The concentration of ABA
declines after rewatering because of degradation and export
from the leaf, as well as a decrease in the rate of synthesis.

ABA Can Be Inactivated by Oxidation or
Conjugation
A major cause of the inactivation of free ABA is oxidation,
yielding the unstable intermediate 6-hydroxymethyl ABA,
which is rapidly converted to phaseic acid (PA) and dihy-
drophaseic acid (DPA) (see Figure 23.2). PA is usually inac-
tive, or it exhibits greatly reduced activity, in bioassays.
However, PA can induce stomatal closure in some species,
and it is as active as ABA in inhibiting gibberellic
acid–induced α-amylase production in barley aleurone lay-
ers. These effects suggest that PA may be able to bind to
ABA receptors. In contrast to PA, DPA has no detectable
activity in any of the bioassays tested.

Free ABA is also inactivated by covalent conjugation to
another molecule, such as a monosaccharide. A common
example of an ABA conjugate is ABA-b-D-glucosyl ester
(ABA-GE). Conjugation not only renders ABA inactive as
a hormone; it also alters its polarity and cellular distribu-
tion. Whereas free ABA is localized in the cytosol, ABA-GE
accumulates in vacuoles and thus could theoretically serve
as a storage form of the hormone.

Esterase enzymes in plant cells could release free ABA
from the conjugated form. However, there is no evidence
that ABA-GE hydrolysis contributes to the rapid increase in
ABA in the leaf during water stress. When plants were sub-
jected to a series of stress and rewatering cycles, the ABA-
GE concentration increased steadily, suggesting that the
conjugated form is not broken down during water stress.

ABA Is Translocated in Vascular Tissue
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 increases to as much as 3000 nM
(3.0 µM ) (Schurr et al. 1992). The magnitude of the stress-
induced change in xylem ABA content varies widely
among species, and it has been suggested that ABA also is
transported in a conjugated form, then released by hydrol-
ysis in leaves. However, the postulated hydrolases have yet
to be identified.
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FIGURE 23.3 Precocious germination in the ABA-deficient
vp14 mutant of maize. The VP14 protein catalyzes the
cleavage of 9-cis-epoxycarotenoids to form xanthoxal, 
a precursor of ABA. (Courtesy of Bao Cai Tan and Don
McCarty.)



As water stress begins, some of the ABA carried by the
xylem stream is synthesized in roots that are in direct contact
with the drying soil. Because this transport can occur before
the low water potential of the soil causes any measurable
change in the water status of the leaves, ABA is believed to
be a root signal that helps reduce the transpiration rate by
closing stomata in leaves (Davies and Zhang 1991).

Although a concentration of 3.0 µM ABA in the apoplast
is sufficient to close stomata, not all of the ABA in the
xylem stream reaches the guard cells. Much of the ABA in
the transpiration stream is taken up and metabolized by
the mesophyll cells. During the early stages of water stress,
however, the pH of the xylem sap becomes more alkaline,
increasing from about pH 6.3 to about pH 7.2 (Wilkinson
and Davies 1997).

The major control of ABA distribution among plant cell
compartments follows the “anion trap” concept: The disso-
ciated (anion) form of this weak acid accumulates in alkaline
compartments and may be redistributed according to the
steepness of the pH gradients across membranes. In addi-
tion to partitioning according to the relative pH of compart-
ments, specific uptake carriers contribute to maintaining a
low apoplastic ABA concentration in unstressed plants.

Stress-induced alkalinization of the apoplast favors for-
mation of the dissociated form of abscisic acid, ABA–, which
does not readily cross membranes. Hence, less ABA enters
the mesophyll cells, and more reaches the guard cells via the
transpiration stream (Figure 23.4). Note that ABA is redis-
tributed in the leaf in this way without any increase in the
total ABA level. This increase in xylem sap pH may function
as a root signal that promotes early closure of the stomata.

DEVELOPMENTAL AND PHYSIOLOGICAL
EFFECTS OF ABA
Abscisic acid plays primary regulatory roles in the initiation
and maintenance of seed and bud dormancy and in the
plant’s response to stress, particularly water stress. In addi-
tion, ABA influences many other aspects of plant develop-
ment by interacting, usually as an antagonist, with auxin,
cytokinin, gibberellin, ethylene, and brassinosteroids. In this
section we will explore the diverse physiological effects of
ABA, beginning with its role in seed development.

ABA Levels in Seeds Peak during Embryogenesis
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 under-
goes embryogenesis and the endosperm tissue prolif-
erates.

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

3. In the final phase, the embryo becomes tolerant to
desiccation, and the seed dehydrates, losing up to
90% of its water. As a consequence of dehydration,
metabolism comes to a halt and the seed enters a qui-
escent (“resting”) state. In contrast to dormant seeds,
quiescent seeds will germinate upon rehydration.

The latter two phases result in the production of viable
seeds with adequate resources to support germination and
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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 (see Web Topic
1.2); the zygote and endosperm are derived from both par-
ents. Genetic studies with ABA-deficient mutants of Ara-
bidopsis have shown that the zygotic genotype controls
ABA synthesis in the embryo and endosperm and is essen-
tial to dormancy induction, whereas the maternal geno-
type controls the major, early peak of ABA accumulation
and helps suppress vivipary in midembryogenesis (Raz et
al. 2001).

ABA Promotes Desiccation Tolerance in 
the Embryo
An important function of ABA in the developing seed is to
promote the acquisition of desiccation tolerance. As will
be described in Chapter 25 (on stress physiology), desic-
cation can severely damage membranes and other cellular
constituents. During the mid- to late stages of seed devel-
opment, specific mRNAs accumulate in embryos at the
time of high levels of endogenous ABA. These mRNAs
encode so-called late-embryogenesis-abundant (LEA)
proteins thought to be involved in desiccation tolerance.
Synthesis of many LEA proteins, or related family mem-
bers, can be induced by ABA treatment of either young
embryos or vegetative tissues. Thus the synthesis of most
LEA proteins is under ABA control (see Web Topic 23.4).

ABA Promotes the Accumulation of Seed Storage
Protein during Embryogenesis
Storage compounds accumulate during mid- to late
embryogenesis. Because ABA levels are still high, ABA
could be affecting the translocation of sugars and amino
acids, the synthesis of the reserve materials, or both.

Studies in mutants impaired in both ABA synthesis and
response showed no effect of ABA on sugar translocation.
In contrast, ABA has been shown to affect the amounts
and composition of storage proteins. For example, exoge-
nous ABA promotes accumulation of storage proteins in
cultured embryos of many species, and some ABA-defi-
cient or -insensitive mutants have reduced storage protein
accumulation. However, storage protein synthesis is also
reduced in other seed developmental mutants with nor-
mal ABA levels and responses, indicating that ABA is only
one of several signals controlling the expression of storage
protein genes during embryogenesis.

ABA not only regulates the accumulation of storage
proteins during embryogenesis; it can also maintain the
mature embryo in a dormant state until the environmen-

tal conditions are optimal for growth. Seed dormancy is an
important factor in the adaptation of plants to unfavorable
environments. As we will discuss in the next few sections,
plants have evolved a variety of mechanisms, some of
them involving ABA, that enable them to maintain their
seeds in a dormant state.

Seed Dormancy May Be Imposed by the Coat or
the Embryo
During seed maturation, the embryo enters a quiescent
phase in response to desiccation. Seed germination can be
defined as the resumption of growth of the embryo of the
mature seed; it depends on the same environmental con-
ditions 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. This phenomenon is termed seed
dormancy. Seed dormancy introduces a temporal delay in
the germination process that provides additional time for
seed dispersal over greater geographic distances. It also
maximizes seedling survival by preventing germination
under unfavorable conditions. Two types of seed dor-
mancy have been recognized: coat-imposed dormancy and
embryo dormancy.

Coat-imposed dormancy. 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. There are five basic
mechanisms of coat-imposed dormancy (Bewley and
Black 1994):

1. Prevention of water uptake.

2. Mechanical constraint. The first visible sign of germi-
nation is typically the radicle breaking through the
seed coat. In some cases, however, the seed coat may
be too rigid for the radicle to penetrate. For the seeds
to germinate, the endosperm cell walls must be
weakened by the production of cell wall–degrading
enzymes.

3. Interference with gas exchange. Lowered permeability
of seed coats to oxygen suggests that the seed coat
inhibits germination by limiting the oxygen supply
to the embryo.

4. Retention of inhibitors. The seed coat may prevent the
escape of inhibitors from the seed.

5. Inhibitor production. Seed coats and pericarps may
contain relatively high concentrations of growth
inhibitors, including ABA, that can suppress germi-
nation of the embryo.
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Embryo dormancy. The second type of seed dormancy is
embryo dormancy, a dormancy that is intrinsic to the
embryo and is not due to any influence of the seed coat or
other surrounding tissues. In some cases, embryo dor-
mancy can be relieved by amputation of the cotyledons.
Species in which the cotyledons exert an inhibitory effect
include European hazel (Corylus avellana) and European
ash (Fraxinus excelsior). 

A fascinating demonstration of the cotyledon’s ability to
inhibit growth is found in species (e.g., peach) in which the
isolated dormant embryos germinate but grow extremely
slowly to form a dwarf plant. If the cotyledons are removed
at an early stage of development, however, the plant
abruptly shifts to normal growth.

Embryo dormancy is thought to be due to the presence
of inhibitors, especially ABA, as well as the absence of
growth promoters, such as GA (gibberellic acid). The loss
of embryo dormancy is often associated with a sharp drop
in the ratio of ABA to GA.

Primary versus secondary seed dormancy. Different
types of seed dormancy also can be distinguished on the
basis of the timing of dormancy onset rather than the cause
of dormancy:

• Seeds that are released from the plant in a dormant
state are said to exhibit primary dormancy.

• Seeds that are released from the plant in a nondor-
mant state, but that become dormant if the conditions
for germination are unfavorable, exhibit secondary
dormancy. For example, seeds of Avena sativa (oat)
can become dormant in the presence of temperatures
higher than the maximum for germination, whereas
seeds of Phacelia dubia (small-flower scorpionweed)
become dormant at temperatures below the mini-
mum for germination. The mechanisms of secondary
dormancy are poorly understood.

Environmental Factors Control the Release 
from Seed Dormancy
Various external factors release the seed from embryo dor-
mancy, and dormant seeds typically respond to more than
one of three factors:

1. Afterripening. Many seeds lose their dormancy when
their moisture content is reduced to a certain level by
drying—a phenomenon known as afterripening.

2. Chilling. Low temperature, or chilling, can release
seeds from dormancy. Many seeds require a period of
cold (0–10°C) while in a fully hydrated (imbibed)
state in order to germinate.

3. Light. Many seeds have a light requirement for ger-
mination, which may involve only a brief exposure,
as in the case of lettuce, an intermittent treatment
(e.g., succulents of the genus Kalanchoe), or even a
specific photoperiod involving short or long days.

For further information on environmental factors affecting
seed dormancy, see Web Topic 23.5. For a discussion of
seed longevity, see Web Topic 23.6.

Seed Dormancy Is Controlled by the Ratio 
of ABA to GA
Mature seeds may be either dormant or nondormant,
depending on the species. Nondormant seeds, such as pea,
will germinate readily if provided with water only. Dor-
mant seeds, on the other hand, fail to germinate in the pres-
ence of water, and instead require some additional treat-
ment or condition. As we have seen, dormancy may arise
from the rigidity or impermeability of the seed coat (coat-
imposed dormancy) or from the persistence of the state of
arrested development of the embryo. Examples of the lat-
ter include seeds that require afterripening, chilling, or light
to germinate.

ABA mutants have been extremely useful in demon-
strating 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 aba and wild-
type plants were carried out, the seeds exhibited dormancy
only when the embryo itself produced the ABA. Neither
maternal nor exogenously applied ABA was effective in
inducing dormancy in an aba embryo.

On the other hand, maternally derived ABA constitutes
the major peak present in seeds and is required for other
aspects of seed development—for example, helping sup-
press vivipary in midembryogenesis. Thus the two sources
of ABA function in different developmental pathways. Dor-
mancy is also greatly reduced in seeds from the ABA-
insensitive mutants abi1 (ABA-insensitive1), abi2, and abi3,
even though these seeds contain higher ABA concentra-
tions than those of the wild type throughout development,
possibly reflecting feedback regulation of ABA metabolism.
ABA-deficient tomato mutants seem to function in the
same way, indicating that the phenomenon is probably a
general one. However, other mutants with reduced dor-
mancy, but normal ABA levels and sensitivity, point to
additional regulators of dormancy.

Although the role of ABA in initiating and maintaining
seed dormancy is well established, other hormones con-
tribute to the overall effect. For example, in most plants the
peak of ABA production in the seed coincides with a
decline in the levels of IAA and GA.

An elegant demonstration of the importance of the ratio
of ABA to GA in seeds was provided by the genetic screen
that led to isolation of the first ABA-deficient mutants of
Arabidopsis (Koornneef et al. 1982). Seeds of a GA-deficient
mutant that could not germinate in the absence of exoge-
nous GA were mutagenized and then grown in the green-
house. The seeds produced by these mutagenized plants
were then screened for revertants—that is, seeds that had
regained their ability to germinate. 

Abscisic Acid: A Seed Maturation and Antistress Signal 545



Revertants were isolated, and they turned out to be
mutants of abscisic acid synthesis. The revertants germi-
nated because dormancy had not been induced, so subse-
quent synthesis of GA was no longer required to overcome
it. This study elegantly illustrates the general principle that
the balance of plant hormones is often more critical than
are their absolute concentrations in regulating develop-
ment. However, ABA and GA exert their effects on seed
dormancy at different times, so their antagonistic effects on
dormancy do not necessarily reflect a direct interaction.

Recent genetic screens for suppressors of ABA insensi-
tivity have identified additional antagonistic interactions
between ABA and ethylene or brassinosteroid effects on
germination. In addition, many new alleles of ABA-defi-
cient or ABA-insensitive4 (abi4) mutants have been identi-
fied in screens for altered sensitivity to sugar. These stud-
ies show that a complex regulatory web integrates
hormonal and nutrient signaling.

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, sug-
gests that ABA is the natural constraint that keeps devel-
oping embryos in their embryogenic state.

Further evidence for the role of ABA in preventing pre-
cocious germination has been provided by genetic studies
of vivipary. The tendency toward vivipary, also known as
preharvest sprouting, is a varietal characteristic in grain crops
that is favored by wet weather. In maize, several viviparous
(vp) mutants have been selected in which the embryos ger-
minate directly on the cob while still attached to the plant.
Several of these mutants are ABA deficient (vp2, vp5, vp7,
and vp14) (see Figure 23.3); one is ABA insensitive (vp1).
Vivipary in the ABA-deficient mutants can be partially pre-
vented by treatment with exogenous ABA. Vivipary in
maize also requires synthesis of GA early in embryogene-
sis as a positive signal; double mutants deficient in both
GA and ABA do not exhibit vivipary (White et al. 2000).

In contrast to the maize mutants, single-gene mutants of
Arabidopsis (aba1, aba3, abi1, and abi3) fail to exhibit vivip-
ary, although they are nondormant. The lack of vivipary
might reflect a lack of moisture because such seeds will ger-
minate within the fruits under conditions of high relative
humidity. However, other Arabidopsis mutants with a nor-
mal ABA response and only moderately reduced ABA lev-
els (e.g., fusca3, which belongs to a class of mutants1 defec-

tive in regulating the transition from embryogenesis to ger-
mination) exhibit some vivipary even at low humidities.
Furthermore, double mutants combining either defects in
ABA biosynthesis or ABA response with the fusca3 muta-
tion have a high frequency of vivipary (Nambara et al.
2000), suggesting that redundant control mechanisms sup-
press vivipary in Arabidopsis.

ABA Accumulates in Dormant Buds
In woody species, dormancy is an important adaptive fea-
ture in cold climates. When a tree is exposed to very low
temperatures in winter, it protects its meristems with bud
scales and temporarily stops 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-induc-
ing 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 dor-
mancy. As we saw in the case of seed dormancy, this appar-
ent discrepancy could reflect interactions between ABA and
other hormones as part of a process in which bud dor-
mancy and growth are regulated by the balance between
bud growth inhibitors, such as ABA, and growth-inducing
substances, such as cytokinins and gibberellins.

Although much progress has been achieved in eluci-
dating the role of ABA in seed dormancy by the use of
ABA-deficient mutants, progress on the role of ABA in bud
dormancy, which applies mainly to 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 it underscores the need for extending such
approaches to woody species. 

Analyses of traits such as dormancy are complicated by
the fact that they are often controlled by the combined
action of several genes, resulting in a gradation of pheno-
types referred to as quantitative traits. Recent genetic map-
ping studies suggest that homologs of ABI1 may regulate
bud dormancy in poplar trees. For a description of such
studies, see Web Topic 23.7.

ABA Inhibits GA-Induced Enzyme Production
ABA inhibits the synthesis of hydrolytic enzymes that are
essential for the breakdown of storage reserves in seeds.
For example, GA stimulates the aleurone layer of cereal
grains to produce α-amylase and other hydrolytic enzymes
that break down stored resources in the endosperm during
germination (see Chapter 20). ABA inhibits this GA-depen-
dent enzyme synthesis by inhibiting the transcription of α-
amylase mRNA. ABA exerts this inhibitory effect via at
least two mechanisms:
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the embryos.



1. VP1, a protein originally identified as an activator of
ABA-induced gene expression, acts as a transcrip-
tional repressor of some GA-regulated genes
(Hoecker et al. 1995).

2. ABA represses the GA-induced expression of GA-
MYB, a transcription factor that mediates the GA
induction of α-amylase expression (Gomez-Cadenas
et al. 2001).

ABA Closes Stomata in Response to Water Stress
Elucidation of the roles of ABA in freezing, salt, and water
stress (see Chapter 25) 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 con-
ditions—the most dramatic change in concentration
reported for any hormone in response to an environmen-
tal 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 condi-
tions (Figure 23.5).

Stomatal closing can also be caused by ABA synthesized
in the roots and exported to the shoot. Mutants that lack the
ability to produce ABA exhibit permanent wilting and are
called wilty mutants because of their inability to close their
stomata. Application of exogenous ABA to such mutants
causes stomatal closure and a restoration of turgor pressure.

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. Figure 23.6 compares the growth of shoots and
roots of maize seedlings grown under either abundant
water conditions (high water potential) or dehydrating
conditions (low water potential). Two types of seedlings
were used: (1) wild-type seedlings with normal ABA lev-
els and (2) an ABA-deficient, viviparous mutant.

When the water supply is ample (high water potential),
shoot growth is greater in the wild-type plant (normal
endogenous ABA levels) than in the ABA-deficient mutant.
The reduced shoot growth in the ABA-deficient mutant
could be due in part to excessive water loss from the leaves.
In maize and tomato, however, the stunted shoot growth of
ABA-deficient plants at high water potentials seems to be
due to the overproduction of ethylene, which is normally
inhibited by endogenous ABA (Sharp et al. 2000). This find-
ing suggests that endogenous ABA promotes shoot growth
in well-watered plants by suppressing ethylene production.

When water is limiting (i.e., at low water potentials), the
opposite occurs: Shoot growth is greater in the ABA-defi-
cient mutant than in the wild type. Thus, endogenous ABA
acts as a signal to reduce shoot growth only under water
stress conditions.

Now let’s examine how ABA affects roots. When water
is abundant, root growth is slightly greater in the wild type
(normal endogenous ABA) than in the ABA-deficient
mutant, similar to growth in shoots. Therefore, at high
water potentials (when the total ABA levels are low),
endogenous ABA exerts a slight positive effect on the
growth of both roots and shoots.

Under dehydrating conditions, however, the growth of
the roots is much higher in the wild type than in the ABA-
deficient mutant, although growth is still inhibited relative
to root growth of either genotype when water is abundant.
In this case, endogenous ABA promotes root growth, appar-
ently by inhibiting ethylene production during water stress
(Spollen et al. 2000).

To summarize, under dehydrating conditons, when ABA
levels are high, the endogenous hormone exerts a strong
positive effect on root growth by suppressing ethylene pro-
duction, and a slight negative effect on shoot growth. The
overall effect is a dramatic increase in the root:shoot ratio at
low water potentials (see Figure 23.6C), which, along with
the effect of ABA on stomatal closure, helps the plant cope
with water stress. For another example of the role of ABA in
the response to dehydration, see Web Essay 1.

ABA Promotes Leaf Senescence Independently of
Ethylene
Abscisic acid was originally isolated as an abscission-caus-
ing factor. However, it has since become evident that ABA
stimulates abscission of organs in only a few species and
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that the primary hormone causing abscission is ethylene.
On the other hand, ABA is clearly involved in leaf senes-
cence, and through its promotion of senescence it might
indirectly increase ethylene formation and stimulate abscis-
sion. (For more discussion on the relationship between
ABA and ethylene, see Web Topic 23.8.)

Leaf senescence has been studied extensively, and the
anatomical, physiological, and biochemical changes that take
place during this process were described in Chapter 16. Leaf
segments senesce faster in darkness than in light, and they
turn yellow as a result of chlorophyll breakdown. In addition,
the breakdown of proteins and nucleic acids is increased by
the stimulation of several hydrolases. ABA greatly accelerates
the senescence of both leaf segments and attached leaves.

CELLULAR AND MOLECULAR MODES OF
ABA ACTION
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 may involve some gene regu-
lation as well, and long-term processes inevitably involve
major changes in the pattern of gene expression.

Signal transduction pathways, which amplify the pri-
mary signal generated when the hormone binds to its
receptor, are required for both the short-term and the long-

term effects of ABA. Genetic studies have shown that many
conserved signaling components regulate both short- and
long-term responses, indicating that they share common
signaling mechanisms. In this section we will describe
what is known about the mechanism of ABA action at the
cellular and molecular levels.

ABA Is Perceived Both Extracellularly 
and Intracellularly
Although ABA has been shown to interact directly with
phospholipids, it is widely assumed that the ABA receptor
is a protein. To date, however, the protein receptor for ABA
has not been identified. Experiments have been performed
to determine whether the hormone must enter the cell to be
effective, or whether it can act externally by binding to a
receptor located on the outer surface of the plasma mem-
brane. The results so far suggest multiple sites of perception.

Some experiments point to a receptor on the outer sur-
face of the cell. For example, microinjected ABA fails to
alter stomatal opening in the spiderwort Commelina, or to
inhibit GA-induced α-amylase synthesis in barley aleurone
protoplasts (Anderson et al. 1994; Gilroy and Jones 1994).
Furthermore, impermeant ABA–protein conjugates have
been shown to activate both ion channel activity and gene
expression (Schultz and Quatrano 1997; Jeannette et al.
1999).

Other experiments, however, support an intracellular
location for the ABA receptor:
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• Extracellular application of ABA was nearly twice as
effective at inhibiting stomatal opening at pH 6.15,
when it is fully protonated and readily taken up by
guard cells, versus at pH 8, when it is largely dissoci-
ated to the anionic form that does not readily cross
membranes (Anderson et al. 1994).

• ABA supplied directly and continuously to the
cytosol via a patch pipette inhibited K+

in channels,
which are required for stomatal opening (Schwartz et
al. 1994).

• Microinjection of an inactive “caged” form of ABA
into guard cells of Commelina resulted in stomatal clo-
sure after the stomata were treated briefly with UV
irradiation to activate the hormone—that is, release it
from its molecular cage (Figure 23.7) (Allan et al.
1994). Control guard cells injected with a nonpho-
tolyzable form of the caged ABA did not close after
UV irradiation.

Taken together, these results indicate that extracellular
perception of ABA can prevent stomatal opening and reg-
ulate gene expression, and intracellular ABA can both
induce stomatal closure and inhibit the K+

in current
required for opening. Thus there appear to be both extra-
cellular and intracellular ABA receptors. However, they
have yet to be identified or localized.

ABA Increases Cytosolic Ca2+, Raises Cytosolic pH,
and Depolarizes the Membrane
As discussed in Chapter 18, stomatal closure is driven by a
reduction in guard cell turgor pressure caused by a mas-
sive long-term efflux of K+ and anions from the cell. Dur-
ing the subsequent shrinkage of the cell due to water loss,
the surface area of the plasma membrane may contract by
as much as 50%. Where does the extra membrane go? The
answer seems to be that it is taken up as small vesicles by
endocytosis—a process that also involves reorganization of
the actin cytoskeleton. However, the first changes detected
after exposure of guard cells to ABA are transient mem-
brane depolarization caused by the net influx of positive
charge, and transient increases in the cytosolic calcium con-
centration (Figure 23.8).

ABA stimulates elevations in the concentration of cytoso-
lic Ca2+ by inducing both influx through plasma membrane
channels and release of calcium into the cytosol from inter-
nal compartments, such as the central vacuole (Schroeder et
al. 2001). Stimulation of influx occurs via a pathway that uses
reactive oxygen species (ROS), such as hydrogen peroxide
(H2O2) or superoxide (O2

•–), as secondary messengers lead-
ing to plasma membrane channel activation (Pei et al. 2000).

Calcium release from intracellular stores can be induced
by a variety of second messengers, including inositol 1,4,5-
trisphosphate (IP3), cyclic ADP-ribose (cADPR), and self-
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amplifying (calcium-induced) Ca2+ release. Recent studies
have shown that ABA stimulates nitric oxide (NO)
synthesis in guard cells, which induces stomatal closure in
a cADPR-dependent manner, indicating that NO is an even
earlier secondary messenger in this response pathway
(Neill et al. 2002) (for background on NO, see Chapter 14
on the Web site). 

The combination of calcium influx and the release of cal-
cium from internal stores raises the cytosolic calcium con-
centration from 50 to 350 nM to as high as 1100 nM (1.1
mM) (Figure 23.9) (Mansfield and McAinsh, in Davies
1995). This increase is sufficient to cause stomatal closure,
as demonstrated by the following experiment.

As in the experiment described earlier, cal-
cium was microinjected into guard cells in a
caged form that could be hydrolyzed by a pulse
of UV light. This method allowed the investi-
gators to control both the concentration of free
calcium and the time of release to the cytosol. At
cytosolic concentrations of 600 nM or more,
release of calcium from its cage triggered sto-
matal closure (Gilroy et al. 1990). This level of
intracellular calcium is well within the concen-
tration range observed after ABA treatment.

In the preceding studies, intracellular free
calcium was measured by the use of microin-

jected calcium-sensitive ratiometric fluorescent dyes2, such
as fura-2 or indo-1. However, microinjections of fluorescent
dyes into single plant cells are difficult and often result in
cell death. Success rates of viable injections into Arabidopsis
guard cells can be less than 3%. In contrast, transgenic
plants expressing the gene for the calcium indicator protein
yellow cameleon make it possible to monitor several fluo-
rescing cells in parallel, without the need for invasive injec-
tions (Allen et al. 1999b) (see Web Topic 23.9). Such studies
have demonstrated that the cytosolic Ca2+ concentration
oscillates with distinct periodicities, depending on the sig-
nals received (Figure 23.10).
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2 Ratiometric fluorescent dyes undergo a shift
in their excitation and emission spectra when
they bind calcium. On the basis of property,
one can determine the intracellular concentra-
tions of both forms of the dye (with and with-
out bound calcium) by exciting them with the
appropriate two wavelengths. The ratio of the
two emissions provides a measure of the cal-
cium concentration that is independent of dye
concentration.



These results support the hypothesis that an increase in
cytosolic calcium, partly derived from intracellular stores, is
responsible for ABA-induced stomatal closure. However, the
growth hormone auxin can induce stomatal opening, and
this auxin-induced stomatal opening, like ABA-induced
stomatal closure, is accompanied by increases in cytosolic cal-
cium. This finding suggests that the detailed characteristics
of the location and periodicity of Ca2+ oscillations (the “Ca2+

signature”), rather than the overall concentration of cytoso-
lic calcium, determine the cellular response.

In addition to increasing the cytosolic calcium concen-
tration, ABA causes an alkalinization of the cytosol from
about pH 7.67 to pH 7.94. The increase in cytosolic pH has
been shown to activate the K+ efflux channels on the
plasma membrane apparently by increasing the number of
channels available for activation (see Chapter 6).

ABA Activation of Slow Anion Channels Causes
Long-Term Membrane Depolarization
The rapid, transient depolarizations induced by ABA are
insufficient to open the K+ efflux channels, which require
long-term membrane depolarization in order to open.
However, long-term depolarizations in response to ABA
have been demonstrated. According to a widely accepted
model, long-term membrane depolarization is triggered
by two factors: (1) an ABA-induced transient depolariza-
tion of the plasma membrane, coupled with (2) an increase
in cytosolic calcium. Both of these conditions are required
to open calcium-activated slow (S-type) anion channels on

the plasma membrane (Schroeder
and Hagiwara 1990) (see Chapter
6). ABA has been shown to activate
slow anion channels in guard cells
(Grabov et al. 1997; Pei et al. 1997).

The prolonged opening of these slow anion channels
permits large quantities of Cl– and malate2– ions to escape
from the cell, moving down their electrochemical gradients.
(The inside of the cell is negatively charged, thus pushing
Cl– and malate2– out of the cell, and the outside has lower
Cl– and malate2– concentrations than the interior.) The out-
ward flow of negatively charged Cl– and malate2– ions gen-
erated in this way strongly depolarizes the membrane, trig-
gering the voltage-gated K+ efflux channels to open.

In support of this model, inhibitors that block slow
anion channels, such as 5-nitro-2,3-phenylpropy-
laminobenzoic acid (NPPB), also block ABA-induced stom-
atal closing. Inhibitors of the rapid (R-type) anion channels,
such as 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid
(DIDS), have no effect on ABA-induced stomatal closing
(Schwartz et al. 1995).

Another factor that can contribute to membrane depo-
larization is inhibition of the plasma membrane H+-
ATPase. ABA inhibits blue light–stimulated proton pump-
ing by guard cell protoplasts (Figure 23.11), consistent with
the model that the depolarization of the plasma membrane
by ABA is partially caused by a decrease in the activity of
the plasma membrane H+-ATPase. However, ABA does not
inhibit the proton pump directly.

In Vicia faba (broad bean), at least, the plasma membrane
H+-ATPase of the leaves is strongly inhibited by calcium.
A calcium concentration of 0.3 µM blocks 50% of the activ-
ity of H+-ATPase, and 1 µM calcium blocks the enzyme
completely (Kinoshita et al. 1995). It appears that two fac-
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tors contribute to ABA inhibition of the plasma membrane
proton pump: an increase in the cytosolic Ca2+ concentra-
tion, and alkalinization of the cytosol.

In addition to causing stomatal closure, ABA prevents
light-induced stomatal opening. In this case ABA acts by
inhibiting the inward K+ channels, which are open when
the membrane is hyperpolarized by the proton pump (see
Chapters 6 and 18). Inhibition of the inward K+ channels is
mediated by the ABA-induced increase in cytosolic calcium
concentration. Thus calcium and pH affect guard cell
plasma membrane channels in two ways:

1. They prevent stomatal opening by inhibiting inward
K+ channels and plasma membrane proton pumps.

2. They promote stomatal closing by activating outward
anion channels, thus leading to activation of K+

efflux channels.

ABA Stimulates Phospholipid Metabolism
As discussed previously, much evidence supports a role

for calcium both in the promotion of stomatal closing and in
the inhibition of stomatal opening. According to the classic
calcium-dependent signal transduction pathway of animal
cells, IP3 is released, along with diacylglycerol (DAG), when
phospholipase C is activated by a G-protein in the plasma
membrane (see Chapter 14 on the web site). Does ABA use
the same pathway when it induces stomatal closure?

In agreement with this model, ABA has been shown to
stimulate phosphoinositide metabolism in Vicia faba (broad
bean) guard cells. To detect the effect of ABA on IP3 release,
it was necessary to include Li+ in the incubation medium

as an inhibitor of inositol phosphatase,
which rapidly removes phosphate groups
from IP3. Under these conditions, a 90%
ABA-induced increase in the level of IP3
was measured within 10 seconds of hor-
mone treatment (Lee et al. 1996). Recent
studies in Arabidopsis using antisense
DNA to block expression of an ABA-
induced phospholipase C have shown
that this enzyme is required for ABA
effects on germination, growth, and gene
expression (Sanchez and Chua 2001).

Heterotrimeric G-proteins may medi-
ate the effects of ABA on stomatal move-
ments. For example, in Vicia faba most
studies have shown that G-protein acti-
vators, such as GTPγS, can inhibit the
activity of the inward K+ channels. Con-
sistent with the inhibitor results, ABA
failed to inhibit inward K+ channels or
light-induced stomatal opening in an Ara-
bidopsis mutant with a defective Gα sub-
unit (Wang et al. 2001). However, ABA
still promoted stomatal closure in this

mutant, indicating that inhibition of opening and promo-
tion of closing take two distinct paths to the same end
point—that is, closed stomata.

Other potential second messengers mediating the ABA
response, such as phosphatidic acid and myo-inositol-hexa-
phosphate (IP6) have been identified, but the relationship of
these compounds to IP3 and Ca2+ signaling is not yet known.

All of these experiments indicate that stomatal guard cells
respond to multiple signals, possibly involving multiple
receptors and overlapping signal transduction pathways.

Protein Kinases and Phosphatases Participate in
ABA Action
Nearly all biological signaling systems involve protein
phosphorylation and dephosphorylation reactions at some
step in the pathway. Thus we can expect that signal trans-
duction in guard cells, with their multiple sensory inputs,
involves protein kinases and phosphatases. Artificially rais-
ing the ATP concentration inside guard cells by allowing
the cytoplasm to equilibrate with the solution inside a
patch pipette (see Chapter 6) strongly activates the slow
anion channels.

This activation of the slow anion channels by ATP is
abolished by the inclusion of protein kinase inhibitors in
the patch pipette solution (Schmidt et al. 1995). Protein
kinase inhibitors also block ABA-induced stomatal closing.
In contrast, lowering the concentration of ATP in the
cytosol inactivates the slow anion channels. Additional
experiments confirm that this inactivation is due to the
presence of protein phosphatases, which remove phos-
phate groups that are covalently attached to proteins. In
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view of these results, it appears that protein phosphoryla-
tion and dephosphorylation play important roles in the
ABA signal transduction pathway in guard cells.

There is now direct evidence for an ABA-activated pro-
tein kinase (AAPK) in Vicia faba guard cells (Li and Ass-
mann 1996; Mori and Muto 1997). AAPK activity appears
to be required for ABA activation of S-type anion currents
and stomatal closing. This enzyme is an autophosphory-
lating protein kinase that either forms part of a Ca2+-inde-
pendent signal transduction pathway for ABA, or acts far-
ther downstream of calcium-induced signaling events. (The
presence of both Ca2+-dependent and Ca2+-independent
pathways for ABA action will be discussed shortly.) In
addition, two Ca2+-dependent protein kinases, as well as
MAP kinases, have been implicated in the ABA regulation
of stomatal aperture.

The analysis of ABA-insensitive mutants has begun to
help in the identification of genes coding for components
of the signal transduction pathway. The Arabidopsis abi1-1
and abi2-1 mutations result in insensitivity to ABA in both
seeds and adult plants. These abi mutants display pheno-
types consistent with a defect in ABA signaling, including
reduced seed dormancy, a tendency to wilt (due to
improper regulation of stomatal aperture), and decreased
expression of various ABA-inducible genes. 

The defects in stomatal response include the ABA insen-
sitivity of S-type anion channels—both inward and out-
ward K+ channels—and actin reorganization. Although
nonresponsive to ABA, the mutant stomata will close when
exposed to high external concentrations of Ca2+, suggest-
ing that they are defective in their ability to initiate Ca2+

signaling. Consistent with this finding, ABA does not
induce Ca2+ oscillations in these mutants (Allen et al.
1999a).

ABI Protein Phosphatases Are Negative Regulators
of the ABA Response
The Arabidopsis ABI1 and ABI2 genes have been cloned and
identified as encoding two closely related serine/threonine
protein phosphatases. This finding suggests that ABI1 and
ABI2 regulate the activity of target proteins by dephos-
phorylating specific serine or threonine residues, but none
of their substrates have been definitively identified.

Because the abi1-1 and abi2-1 mutations result in
decreased response to ABA, it was initially assumed that
the wild-type genes promote the ABA response. However,
the original mutations turned out to be dominant rather
than recessive, and recent studies have shown that they act
as “dominant negatives”; that is, one defective copy of the
gene is sufficient to disrupt the ABA response by poison-
ing the activity of the functional gene products from the
remaining wild-type allele.

Subsequently, recessive mutants of ABI1 were obtained
that exhibited a simple loss of ABI1 activity. These recessive
mutants of ABI1 actually showed increased ABA sensitiv-

ity (Gosti et al. 1999). Furthermore, overproducing the
wild-type gene products or their homologs (closely related
proteins) by reintroducing the gene into plants, under con-
trol of a highly expressed promoter, confers reduced ABA
sensitivity (Sheen 1998). Thus the wild-type function of
these protein phosphatases is to inhibit the ABA response.

ABA Signaling Also Involves Ca2+-Independent
Pathways
Although an ABA-induced increase in cytosolic calcium
concentration is a key feature of the current model for
ABA-induced guard cell closure, ABA is able to induce
stomatal closure even in guard cells that show no increase
in cytosolic calcium (Allan et al. 1994). In other words, ABA
seems to be able to act via one or more calcium-indepen-
dent pathways.

In addition to calcium, ABA can utilize cytosolic pH as
a signaling intermediate. As previously discussed, a rise in
cytosolic pH can lead to the activation of outward K+ chan-
nels, and one effect of the abi1 mutation is to render these
K+ channels insensitive to pH.

Such redundancy in the signal transduction pathways
explains how guard cells are able to integrate a wide range
of hormonal and environmental stimuli that affect stomatal
aperture, and such redundancy is probably not unique to
guard cells.

A simplified general model for ABA action in stomatal
guard cells is shown in Figure 23.12. For clarity, only the
cell surface receptors are shown.

ABA Regulation of Gene Expression Is Mediated
by Transcription Factors
Downstream of the early ABA signal transduction
processes already discussed, ABA causes changes in gene
expression. ABA has been shown to regulate the expression
of numerous genes during seed maturation and under cer-
tain stress conditions, such as heat shock, adaptation to low
temperatures, and salt tolerance (Rock 2000). The ABA-
and stress-induced genes are presumed to contribute to
adaptive aspects of induced tolerance (see Chapter 25).
They include genes encoding proteases, chaperonins, pro-
teins similar to LEA proteins, enzymes of sugar or other
compatible solute3 metabolism, ion and water channel pro-
teins, enzymes that detoxify active oxygen species, and reg-
ulatory proteins such as transcription factors and protein
kinases.

In a few cases, stimulation of transcription by ABA has
been demonstrated directly. Gene activation by ABA is
mediated by transcription factors. Four main classes of reg-
ulatory sequences conferring ABA inducibility have been
identified, and proteins that bind to these sequences have
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been characterized (see Web Topic 23.10). Under stress
conditions, induction of gene expression may be ABA
dependent or ABA independent, and additional transcrip-
tion factors have been identified that specifically mediate
responses to cold, drought, or salt (see Chapter 25).

A few DNA elements have been identified that are
involved in transcriptional repression by ABA. The best-
characterized of these are the gibberellin response elements
(GAREs) that mediate the gibberellin-inducible, ABA-
repressible expression of the barley α-amylase gene (see
Chapter 20).

Four transcription factors involved in ABA gene acti-
vation in maturing seeds have been identified by genetic
means; mutations in the genes encoding any of these pro-
teins reduce seed ABA responsiveness. The maize VP1
(VIVIPAROUS-1) and Arabidopsis ABI3 (ABA-INSENSI-
TIVE3) genes encode highly similar proteins, and the ABI4
and ABI5 genes encode members of two other transcrip-
tion factor families. VP1/ABI3, and ABI4 are members of
gene families found only in plants. In contrast, ABI5 is a
member of the basic leucine zipper (bZIP) family, whose

members are present in all eukaryotes (Finkelstein and
Lynch 2000). 

Additional members of the ABI5 subfamily have been
identified by nongenetic means and are also correlated with
ABA-, embryonic-, drought-, or salt stress–induced gene
expression. Characterization of vp1, abi4, and abi5 mutants
has shown that each of these genes can either activate or
repress transcription, depending on the target gene. Because
the promoter of any given gene contains binding sites for a
variety of regulators, it is likely that these transcription fac-
tors act in complexes made up of varying combinations of
regulators, whose composition is determined by the com-
bination of available regulators and binding sites.

To date, the protein ABI3/VP1 has been shown to inter-
act physically with a variety of proteins, including ABI5 and
its rice homolog (TRAB1). ABI5 also forms homodimers and
heterodimers with other bZIP family members. There is
additional evidence for indirect interactions that may be
mediated by 14-3-3 proteins, a class of acidic proteins that
dimerize and facilitate protein–protein interactions in a vari-
ety of signaling, transport, and enzymatic functions (see
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Web Topic 23.11). These studies demonstrate the capacity
for specific binding among a variety of transcription factors
predicted to interact as components of regulatory com-
plexes involved in ABA-induced gene expression.

Other Negative Regulators of the ABA Response
Have Been Identified
As described already, negative regulators of the ABA
response (protein phosphatases) have been identified by
isolation of dominant negative mutants such as abi1 and
abi2 that result in ABA-insensitive phenotypes (analogous
to the dominant negative effects of the ethylene receptor
mutant etr1; see Chapter 22).

Other negative regulators have been identified through
isolation of mutants exhibiting enhanced responses to
ABA. Mutants showing increased sensitivity to ABA dur-
ing germination include era (enhanced response to ABA)
and abh (ABA hypersensitive) (Cutler et al. 1996; Hugou-
vieux et al. in press). The era and abh mutants both confer
ABA hypersensitivity in both stomatal closing and germi-
nation, making these mutants resistant to wilting and
mildly drought tolerant.

Farnesyl transferase. The ERA1 gene was cloned, and its
protein product was identified as a subunit of the enzyme
farnesyl transferase. Farnesyl transferases catalyze attach-
ment of the isoprenoid intermediate farnesyl diphosphate
(see Chapter 13) to proteins that contain a specific signal
sequence of amino acids. Many proteins that have been
shown to participate in signal transduction are farnesylated.
Farnesylated proteins are anchored to the membrane via
hydrophobic interactions between the farnesyl group and
the membrane lipids (see Figure 1.6). The identification of
ERA1 as part of farnesyl transferase suggests that a protein
that normally suppresses the ABA response requires farne-
sylation and is possibly anchored to the membrane.

mRNA processing. ABH1 encodes an mRNA 5′ cap–bind-
ing protein that may be involved in mRNA processing of
negative regulators of ABA signaling. (Recall that eukary-
otic messenger RNAs have a “cap” consisting of methy-
lated guanosine at the 5′ end.) Comparison of transcript
accumulation in wild-type and abh1 plants showed a small
number of misexpressed genes in the mutant, including
some encoding possible signaling molecules.

Ethylene insensitivity. ERA3 was found to be allelic to a
previously identified ethylene signaling locus, ETHYLENE-
INSENSITIVE 2 (EIN2) (Ghassemian et al. 2000) (see Chap-
ter 22). In addition to displaying defects in ABA and ethyl-
ene responses, mutations in this gene result in defects in the
responses to auxin, jasmonic acid, and stress. This gene
encodes a membrane-bound protein that appears to repre-
sent a point of “cross-talk”—i.e., a common signaling inter-
mediate—mediating the responses to many different signals.

IP3 catabolism. Other screens have identified ABA sig-
naling mutants on the basis of incorrect expression of
reporter genes controlled by ABA-responsive promoters.
Although the defects in some of these mutants are limited
to gene expression, others affect plant growth responses.
One such mutant, termed fiery (fry) to reflect the intensity
of light emission by its ABA/stress-responsive luciferase
reporter, is also hypersensitive to ABA and stress inhibition
of germination and growth. The FIERY gene encodes an
enzyme required for IP3 catabolism (Xiong et al. 2001). The
mutant phenotype demonstrates that the ability to attenu-
ate, as well as induce, stress signaling is important for suc-
cessful induction of stress tolerance.

Similar to the signaling mechanisms documented for
other plant hormones, ABA signaling involves the coordi-
nated action of positive and negative regulators affecting
processes as diverse as transcription, RNA processing, pro-
tein phosphorylation or farnesylation, and metabolism of
secondary messengers. As the signaling components are
identified, and often are found to function in responses to
multiple signals, the next challenge is to determine how
they can lead to ABA-specific responses.

SUMMARY
Abscisic acid plays major roles in seed and bud dormancy,
as well as responses to water stress. ABA is a 15-carbon
terpenoid compound derived from the terminal portion of
carotenoids. ABA in tissues can be measured by bioassays
based on growth, germination, or stomatal closure. Gas
chromatography, HPLC, and immunoassays are the most
reliable and accurate methods available for measuring
ABA levels.

ABA is produced by cleavage of a 40-carbon carotenoid
precursor that is synthesized from isopentenyl diphosphate
via the plastid terpenoid pathway. ABA is inactivated by
both oxidative degradation and conjugation.

ABA is synthesized in almost all cells that contain plas-
tids and is transported via both the xylem and the phloem.
The level of ABA fluctuates dramatically in response to
developmental and environmental changes. During seed
maturation, ABA levels peak in mid- to late embryogenesis. 

ABA is required for the development of desiccation tol-
erance in the developing embryo, the synthesis of storage
proteins, and the acquisition of dormancy. Seed dormancy
and germination are controlled by the ratio of ABA to GA,
and ABA-deficient embryos may exhibit precocious ger-
mination and vivipary. ABA is also antagonized by ethyl-
ene and brassinosteroid promotion of germination.
Although less is known about the role of ABA in buds,
ABA is one of the inhibitors that accumulates in dormant
buds.

During water stress, the ABA level of the leaf can
increase 50-fold. In addition to closing stomata, ABA
increases the hydraulic conductivity of the root and
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increases the root:shoot ratio at low water potentials. ABA
and an alkalinization of the xylem sap are thought to be
two chemical signals that the root sends to the shoot as the
soil dries. The increased pH of the xylem sap may allow
more of the ABA of the leaf to be translocated to the stom-
ata via the transpiration stream.

ABA exerts both short-term and long-term control over
plant development. The long-term effects are mediated by
ABA-induced gene expression. ABA stimulates the syn-
thesis of many classes of proteins during seed development
and during water stress, including the LEA family, pro-
teases and chaperonins, ion and water channels, and
enzymes catalyzing compatible solute metabolism or
detoxification of active oxygen species. These proteins may
protect membranes and other proteins from desiccation
damage, or they may aid in recovery from the deleterious
effects of stress. ABA response elements and several tran-
scription factors that bind to them have been identified.
ABA also suppresses GA-induced gene expression—for
example, the synthesis of GA-MYB and α-amylase by bar-
ley aleurone layers.

There is evidence for both extracellular and intracellu-
lar ABA receptors in guard cells. ABA closes stomata by
causing long-term depolarization of the guard cell plasma
membrane. Depolarization is believed to be caused by an
increase in cytosolic Ca2+, as well as alkalinization of the
cytosol. The increase in cytosolic calcium is due to a com-
bination of calcium uptake and release of calcium from
internal stores. This calcium increase leads to the opening
of slow anion channels, which results in membrane depo-
larization. IP3, IP6, cADPR, PA, and reactive oxygen
species all function as secondary messengers in ABA-
treated guard cells, and G-proteins participate in the
response. Outward K+ channels open in response to mem-
brane depolarization and to the rise in pH, bringing about
massive K+ efflux.

In general, the ABA response appears to be regulated by
more than one signal transduction pathway, even within a
single cell type. This redundancy is consistent with the abil-
ity of plant cells to respond to multiple sensory inputs.
There is genetic evidence for cross-talk between ABA sig-
naling and the signaling of all other major classes of phy-
tohormones, as well as sugars.

Web Material

Web Topics
23.1 The Structure of Lunularic Acid from

Liverworts

Although inactive in higher plants, lunularic
acid appears to have a function similar to ABA
in liverworts.

23.2 Structural Requirements for Biological
Activity of Abscisic Acid

To be active as a hormone, ABA requires cer-
tain functional groups

23.3 The Bioassay of ABA

Several ABA-responding tissues have been
used to detect and measure ABA.

23.4 Proteins Required for Desiccation Tolerance

ABA induces the synthesis of proteins that
protect cells from damage due to dessica-
tion.

23.5 Types of Seed Dormancy and the Roles of
Environmental Factors

This discussion expands on the various types
of seed dormancy and describes how envi-
ronmental factors affect seed dormancy.

23.6 The Longevity of Seeds

Under certain conditions, seeds can remain
dormant for hundreds of years.

23.7 Genetic Mapping of Dormancy:
Quantitative Trait Locus (QTL) Scoring of
Vegetative Dormancy Combined with a
Candidate Gene Approach

A genetic method for determining the num-
ber and chromosomal locations of genes
affecting a quantitative trait affected by
many unlinked genes is described.

23.8 ABA-Induced Senescence and Ethylene

Hormone-insensitive mutants have made it
possible to distinguish the effects of ethylene
from those of ABA on senescence.

23.9 Yellow Cameleon: A Noninvasive Tool for
Measuring Intracellular Calcium

The features of the yellow cameleon protein
that enable it to act as a reporter for calcium
concentration are described.

23.10 Promoter Elements That Regulate ABA
Induction of Gene Expression

A table of the different ABA response ele-
ments is presented.

23.11 The Two-Hybrid System

The GAL4 transcription factor can be used to
detect protein-protein interactions in yeast.

Web Essay
23.1 Heterophylly in Aquatic Plants

Abscisic acid induces aerial-type leaf mor-
phology in many aquatic plants.
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The Control of Flowering24
Chapter

MOST PEOPLE LOOK FORWARD to the spring season and the profu-
sion of flowers it brings. Many vacationers carefully time their travels to
coincide with specific blooming seasons: Citrus along Blossom Trail in
southern California, tulips in Holland. In Washington, D.C., and
throughout Japan, the cherry blossoms are received with spirited cere-
monies. As spring progresses into summer, summer into fall, and fall
into winter, wildflowers bloom at their appointed times.

Although the strong correlation between flowering and seasons is
common knowledge, the phenomenon poses fundamental questions
that will be addressed in this chapter:

• How do plants keep track of the seasons of the year and the time
of day?

• Which environmental signals control flowering, and how are
those signals perceived?

• How are environmental signals transduced to bring about the
developmental changes associated with flowering?

In Chapter 16 we discussed the role of the root and shoot apical
meristems in vegetative growth and development. The transition to
flowering involves major changes in the pattern of morphogenesis and
cell differentiation at the shoot apical meristem. Ultimately this process
leads to the production of the floral organs—sepals, petals, stamens, and
carpels (see Figure 1.2.A in Web Topic 1.2).

Specialized cells in the anther undergo meiosis to produce four hap-
loid microspores that develop into pollen grains. Similarly, a cell within
the ovule divides meiotically to produce four haploid megaspores, one
of which survives and undergoes three mitotic divisions to produce the
cells of the embryo sac (see Figure 1.2.B in Web Topic 1.2). The embryo
sac represents the mature female gametophyte. The pollen grain, with
its germinating pollen tube, is the mature male gametophyte generation.
The two gametophytic structures produce the gametes (egg and sperm



cells), which fuse to form the diploid zygote, the first stage
of the new sporophyte generation.

Clearly, flowers represent a complex array of function-
ally specialized structures that differ substantially from the
vegetative plant body in form and cell types. The transition
to flowering therefore entails radical changes in cell fate
within the shoot apical meristem. In the first part of this
chapter we will discuss these changes, which are mani-
fested as floral development. Recently genes have been iden-
tified that play crucial roles in the formation of the floral
organs. Such studies have shed new light on the genetic
control of plant reproductive development.

The events occurring in the shoot apex that specifically
commit the apical meristem to produce flowers are collec-
tively referred to as floral evocation. In the second part of
this chapter we will discuss the events leading to floral evo-
cation. The developmental signals that bring about floral
evocation include endogenous factors, such as circadian
rhythms, phase change, and hormones, and external factors,
such as day length (photoperiod) and temperature (vernal-
ization). In the case of photoperiodism, transmissible sig-
nals from the leaves, collectively referred to as the floral
stimulus, are translocated to the shoot apical meristem.
The interactions of these endogenous and external factors
enable plants to synchronize their reproductive develop-
ment with the environment.

FLORAL MERISTEMS AND FLORAL
ORGAN DEVELOPMENT
Floral meristems usually can be distinguished from vege-
tative meristems, even in the early stages of reproductive
development, by their larger size. The transition from veg-
etative to reproductive development is marked by an

increase in the frequency of cell divisions within the cen-
tral zone of the shoot apical meristem. In the vegetative
meristem, the cells of the central zone complete their divi-
sion cycles slowly. As reproductive development com-
mences, the increase in the size of the meristem is largely a
result of the increased division rate of these central cells.
Recently, genetic and molecular studies have identified a
network of genes that control floral morphogenesis in Ara-
bidopsis, snapdragon (Antirrhinum), and other species.

In this section we will focus on floral development in
Arabidopsis, which has been studied extensively (Figure
24.1). First we will outline the basic morphological changes
that occur during the transition from the vegetative to the
reproductive phase. Next we will consider the arrangement
of the floral organs in four whorls on the meristem, and the
types of genes that govern the normal pattern of floral
development. According to the widely accepted ABC
model (which is described in Figure 24.6), the specific loca-
tions of floral organs in the flower are regulated by the
overlapping expression of three types of floral organ iden-
tity genes.

The Characteristics of Shoot Meristems in
Arabidopsis Change with Development
During the vegetative phase of growth, the Arabidopsis veg-
etative apical meristem produces phytomeres with very
short internodes, resulting in a basal rosette of leaves (see
Figure 24.1A). (Recall from Chapter 16 that a phytomere
consists of a leaf, the node to which the leaf is attached, the
axillary bud, and the internode below the node.)

As plants initiate reproductive development, the vege-
tative meristem is transformed into an indeterminate pri-
mary inflorescence meristem that produces floral meri-
stems on its flanks (Figure 24.2). The lateral buds of the
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FIGURE 24.1 (A) The shoot apical
meristem in Arabidopsis thaliana
generates different organs at dif-
ferent stages of development.
Early in development the shoot
apical meristem forms a rosette of
basal leaves. When the plant
makes the transition to flowering,
the shoot apical meristem is
transformed into a primary inflo-
rescence meristem that ultimately
produces an elongated stem bear-
ing flowers. Leaf primordia initi-
ated prior to the floral transition
become cauline leaves, and sec-
ondary inflorescences develop in
the axils of the cauline leaves. 
(B) Photograph of an Arabidopsis
plant. (Photo courtesy of Richard
Amasino.)



cauline leaves (inflorescence leaves) develop into sec-
ondary inflorescence meristems, and their activity repeats
the pattern of development of the primary inflorescence
meristem, as shown in Figure 24.1A.

The Four Different Types of Floral Organs Are
Initiated as Separate Whorls
Floral meristems initiate four different types of floral
organs: sepals, petals, stamens, and carpels (Coen and Car-
penter 1993). These sets of organs are initiated in concen-
tric rings, called whorls, around the flanks of the meristem
(Figure 24.3). The initiation of the innermost organs, the
carpels, consumes all of the meristematic cells in the apical
dome, and only the floral organ primordia are present as

the floral bud develops. In the wild-type Arabidopsis flower,
the whorls are arranged as follows:

• The first (outermost) whorl consists of four sepals,
which are green at maturity.

The second whorl is composed of four petals, which are
white at maturity.

• The third whorl contains six stamens, two of which
are shorter than the other four.

• The fourth whorl is a single complex organ, the
gynoecium or pistil, which is composed of an ovary
with two fused carpels, each containing numerous
ovules, and a short style capped with a stigma
(Figure 24.4).

The Control of Flowering 561

FIGURE 24.2 Longitudinal sections through a vegetative (A) and a reproductive (B)
shoot apical region of Arabidopsis. (Photos courtesy of V. Grbić  and M. Nelson, and
assembled and labeled by E. Himelblau.)

(A) (B)
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Whorl 1: sepals

Whorl 2: petals

Whorl 3: stamens

Whorl 4: carpels

(A)  Longitudinal section through 
       developing flower

(B)  Cross- section of developing flower 
       showing floral whorls

(C)  Schematic diagram of 
      developmental fields

Field 1

Field 2
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FIGURE 24.3 The floral organs are initiated sequentially by
the floral meristem of Arabidopsis. (A and B) The floral
organs are produced as successive whorls (concentric cir-
cles), starting with the sepals and progressing inward. (C)
According to the combinatorial model, the functions of

each whorl are determined by overlapping developmental
fields. These fields correspond to the expression patterns of
specific floral organ identity genes. (From Bewley et al.
2000.)



Three Types of Genes Regulate Floral
Development
Mutations have identified three classes of genes that regu-
late floral development: floral organ identity genes, cadas-
tral genes, and meristem identity genes.

1. Floral organ identity genes directly control floral
identity. The proteins encoded by these genes are
transcription factors that likely control the expression
of other genes whose products are involved in the for-
mation and/or function of floral organs.

2. Cadastral genes act as spatial regulators of the floral
organ identity genes by setting boundaries for their
expression. (The word cadastre refers to a map or sur-
vey showing property boundaries for taxation pur-
poses.)

3. Meristem identity genes are necessary for the initial
induction of the organ identity genes. These genes
are the positive regulators of floral organ identity.

Meristem Identity Genes Regulate Meristem
Function
Meristem identity genes must be active for the primordia
formed at the flanks of the apical meristem to become flo-
ral meristems. (Recall that an apical meristem that is form-
ing floral meristems on its flanks is known as an inflores-
cence meristem.) For example, mutants of Antirrhinum
(snapdragon) that have a defect in the meristem identity
gene FLORICAULA develop an inflorescence that does not

produce flowers. Instead of causing floral meristems to
form in the axils of the bracts, the mutant floricaula gene
results in the development of additional inflorescence
meristems at the bract axils. The wild-type floricaula (FLO)
gene controls the determination step in which floral meris-
tem identity is established.

In Arabidopsis, AGAMOUS-LIKE 201 (AGL20), APETALA1
(AP1), and LEAFY (LFY) are all critical genes in the genetic
pathway that must be activated to establish floral meristem
identity. LFY is the Arabidopsis version of the snapdragon
FLO gene. AGL20 plays a central role in floral evocation by
integrating signals from several different pathways involv-
ing both environmental and internal cues (Borner et al.
2000). AGL20 thus appears to serve as a master switch ini-
tiating floral development.

Once activated, AGL20 triggers the expression of LFY,
and LFY turns on the expression of AP1 (Simon et al. 1996).
In Arabidopsis, LFY and AP1 are involved in a positive feed-
back loop; that is, AP1 expression also stimulates the
expression of LFY.

Homeotic Mutations Led to the Identification of
Floral Organ Identity Genes
The genes that determine floral organ identity were dis-
covered as floral homeotic mutants (see Chapter 14 on the
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(A) (B) FIGURE 24.4 The Arabidopsis pistil consists
of two fused carpels, each containing many
ovules. (A) Scanning electron micrograph of
a pistil, showing the stigma, a short style,
and the ovary. (B) Longitudinal section
through the pistil, showing the many
ovules. (From Gasser and Robinson-Beers
1993, courtesy of C. S. Gasser, © American
Society of Plant Biologists, reprinted with
permission.) 

1 Also known as SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOC1).



web site). As discussed in Chapter 14, mutations in the fruit
fly, Drosophila, led to the identification of a set of homeotic
genes encoding transcription factors that determine the
locations at which specific structures develop. Such genes
act as major developmental switches that activate the entire
genetic program for a particular structure. The expression
of homeotic genes thus gives organs their identity.

As we have seen already in this chapter, dicot flowers
consist of successive whorls of organs that form as a result
of the activity of floral meristems: sepals, petals, stamens,
and carpels. These organs are produced when and where
they are because of the orderly, patterned expression and
interactions of a small group of homeotic genes that spec-
ify floral organ identity.

The floral organ identity genes were identified through
homeotic mutations that altered floral organ identity so that
some of the floral organs appeared in the wrong place. For
example, Arabidopsis plants with mutations in the APETALA2
(AP2) gene produce flowers with carpels where sepals
should be, and stamens where petals normally appear.

The homeotic genes that have been cloned so far encode
transcription factors—proteins that control the expression
of other genes. Most plant homeotic genes belong to a class
of related sequences known as MADS box genes, whereas
animal homeotic genes contain sequences called home-
oboxes (see Chapter 14 on the web site).

Many of the genes that determine floral organ identity
are MADS box genes, including the DEFICIENS gene of
snapdragon and the AGAMOUS, PISTILLATA1, and
APETALA3 genes of Arabidopsis. The MADS box genes

share a characteristic, conserved nucleotide sequence
known as a MADS box, which encodes a protein structure
known as the MADS domain. The MADS domain enables
these transcription factors to bind to DNA that has a spe-
cific nucleotide sequence.

Not all genes containing the MADS box domain are
homeotic genes. For example, AGL20 is a MADS box gene,
but it functions as a meristem identity gene.

Three Types of Homeotic Genes Control Floral
Organ Identity
Five different genes are known to specify floral organ
identity in Arabidopsis: APETALA1 (AP1), APETALA2
(AP2), APETALA3 (AP3), PISTILLATA (PI), and AGA-
MOUS (AG) (Bowman et al. 1989; Weigel and
Meyerowitz 1994). The organ identity genes initially were
identified through mutations that dramatically alter the
structure and thus the identity of the floral organs pro-
duced in two adjacent whorls (Figure 24.5). For example,
plants with the ap2 mutation lack sepals and petals (see
Figure 24.5B). Plants bearing ap3 or pi mutations produce
sepals instead of petals in the second whorl, and carpels
instead of stamens in the third whorl (see Figure 24.5C).
And plants homozygous for the ag mutation lack both sta-
mens and carpels (see Figure 24.5D).

Because mutations in these genes change floral organ
identity without affecting the initiation of flowers, they are
homeotic genes. These homeotic genes fall into three
classes—types A, B, and C—defining three different kinds
of activities (Figure 24.6):
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FIGURE 24.5 Mutations in the floral organ identity genes dramatically alter the
structure of the flower. (A) Wild type;  (B) apetala2-2 mutants lack sepals and petals;
(C) pistillata2 mutants lack petals and stamens; (D) agamous1 mutants lack both
stamens and carpels. (From Bewley et al. 2000.)



1. Type A activity, encoded by AP1 and AP2, controls
organ identity in the first and second whorls. Loss of
type A activity results in the formation of carpels
instead of sepals in the first whorl, and of stamens
instead of petals in the second whorl.

2. Type B activity, encoded by AP3 and PI, controls
organ determination in the second and third whorls.
Loss of type B activity results in the formation of
sepals instead of petals in the second whorl, and of
carpels instead of stamens in the third whorl.

3. Type C activity, encoded by AG, controls events in
the third and fourth whorls. Loss of type C activity
results in the formation of petals instead of stamens
in the third whorl, and replacement of the fourth
whorl by a new flower such that the fourth whorl of
the ag mutant flower is occupied by sepals.

The control of organ identity by type A, B, and C homeotic
genes (the ABC model) is described in more detail in the
next section.

The role of the organ identity genes in floral development
is dramatically illustrated by experiments in which two or
three activities are eliminated by loss-of-function mutations
(Figure 24.7). Quadruple-mutant plants (ap1, ap2, ap3/pi, and
ag) produce floral meristems that develop as pseudoflowers;
all the floral organs are replaced with green leaflike struc-
tures, although these organs are produced with a whorled
phyllotaxy. Evolutionary biologists, beginning with the eigh-
teenth-century German poet, philosopher, and natural sci-
entist Johann Wolfgang von Goethe (1749–1832), have spec-
ulated that floral organs are highly modified leaves, and this
experiment gives direct support to these ideas.

The ABC Model Explains the Determination of
Floral Organ Identity
In 1991 the ABC model was proposed to explain how
homeotic genes control organ identity. The ABC model
postulates that organ identity in each whorl is determined
by a unique combination of the three organ identity gene
activities (see Figure 24.6):

• Activity of type A alone specifies sepals.

• Activities of both A and B are required for the forma-
tion of petals.

• Activities of B and C form stamens.

• Activity of C alone specifies carpels.

The model further proposes that activities A and C mutu-
ally repress each other (see Figure 24.6); that is, both A- and
C-type genes have cadastral function in addition to their
function in determining organ identity.

The patterns of organ formation in the wild type and
most of the mutant phenotypes are predicted and
explained by this model (Figure 24.8). The challenge now
is to understand how the expression pattern of these organ
identity genes is controlled by cadastral genes; how organ
identity genes, which encode transcription factors, alter the
pattern of other genes expressed in the developing organ;
and finally how this altered pattern of gene expression
results in the development of a specific floral organ.
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FIGURE 24.6 The ABC model for the acquisition of floral
organ identity is based on the interactions of  three different
types of activities of floral homeotic genes: A, B, and C. In
the first whorl, expression of type A (AP2) alone results in
the formation of sepals. In the second whorl, expression of
both type A (AP2)  and type B (AP3/PI) results in the forma-
tion of petals. In the third whorl, the expression of B
(AP3/PI) and C (AG) causes the formation of stamens. In
the fourth whorl, activity C (AG) alone specifies carpels. In
addition, activity A (AP2) represses activity C (AG) in
whorls 1 and 2, while C represses A in whorls 3 and 4.

FIGURE 24.7 A quadruple mutant (api1, ap2, ap3/pi, ag)
results in the production of leaf-like structures in place of
floral organs. (Courtesy of John Bowman.)



FLORAL EVOCATION: INTERNAL AND
EXTERNAL CUES

A plant may flower within a few weeks after germinating,
as in annual plants such as groundsel (Senecio vulgaris).
Alternatively, some perennial plants, such as many forest
trees, may grow for 20 or more years before they begin to
produce flowers. Different species flower at widely differ-
ent ages, indicating that the age, or perhaps the size, of the
plant is an internal factor controlling the switch to repro-
ductive development. The case in which flowering occurs
strictly in response to internal developmental factors and
does not depend on any particular environmental condi-
tions is referred to as autonomous regulation.

In contrast to plants that flower entirely through an
autonomous pathway, some plants exhibit an absolute
requirement for the proper environmental cues in order to
flower. This condition is termed an obligate or qualitative
response to an environmental cue. In other plant species,
flowering is promoted by certain environmental cues but
will eventually occur in the absence of such cues. This is
called a facultative or quantitative response to an environ-
mental cue. The flowering of this latter group of plants,
which includes Arabidopsis, thus relies on both environ-
mental and autonomous flowering systems.

Photoperiodism and vernalization are two of the most
important mechanisms underlying seasonal responses.
Photoperiodism is a response to the length of day; vernaliza-
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FIGURE 24.8 Interpretation of the phe-
notypes of floral homeotic mutants
based on the ABC model. (A) Wild
type. (B) Loss of C function results in
expansion of the A function throughout
the floral meristem. (C) Loss of A func-
tion results in the spread of C function
throughout the meristem. (D) Loss of B
function results in the expression of
only A and C functions.



tion is the promotion of flowering—at subsequent higher
temperatures—brought about by exposure to cold. Other
signals, such as total light radiation and water availability,
can also be important external cues.

The evolution of both internal (autonomous) and exter-
nal (environment-sensing) control systems enables plants
to carefully regulate flowering at the optimal time for
reproductive success. For example, in many populations of
a particular species, flowering is synchronized. This syn-
chrony favors crossbreeding and allows seeds to be pro-
duced in favorable environments, particularly with respect
to water and temperature.

THE SHOOT APEX AND PHASE CHANGES
All multicellular organisms pass through a series of more
or less defined developmental stages, each with its charac-
teristic features. In humans, infancy, childhood, adoles-
cence, and adulthood represent four general stages of
development, and puberty is the dividing line between the
nonreproductive and the reproductive phases. Higher
plants likewise pass through developmental stages, but
whereas in animals these changes take place throughout
the entire organism, in higher plants they occur in a single,
dynamic region, the shoot apical meristem.

Shoot Apical Meristems Have Three
Developmental Phases
During postembryonic development, the shoot apical
meristem passes through three more or less well-defined
developmental stages in sequence:

1. The juvenile phase

2. The adult vegetative phase

3. The adult reproductive phase

The transition from one phase to another is called phase
change. 

The primary distinction between the juvenile and the
adult vegetative phases is that the latter has the ability to
form reproductive structures: flowers in angiosperms,
cones in gymnosperms. However, actual expression of the
reproductive competence of the adult phase (i.e., flower-
ing) often depends on specific environmental and devel-
opmental signals. Thus the absence of flowering itself is not
a reliable indicator of juvenility.

The transition from juvenile to adult is frequently accom-
panied by changes in vegetative characteristics, such as leaf
morphology, phyllotaxy (the arrangement of leaves on the
stem), thorniness, rooting capacity, and leaf retention in
deciduous plants (Figure 24.9; see also Web Topic 24.1). Such
changes are most evident in woody perennials, but they are
apparent in many herbaceous species as well. Unlike the
abrupt transition from the adult vegetative phase to the

reproductive phase, the transition from juvenile to vegeta-
tive adult is usually gradual, involving intermediate forms. 

Sometimes the transition can be observed in a single
leaf. A dramatic example of this is the progressive trans-
formation of juvenile leaves of the leguminous tree Acacia
heterophylla into phyllodes, a phenomenon noted by
Goethe. Whereas the juvenile pinnately compound leaves
consist of rachis (stalk) and leaflets, adult phyllodes are
specialized structures representing flattened petioles (Fig-
ure 24.10).

Intermediate structures also form during the transition
from aquatic to aerial leaf types of aquatic plants such as
Hippuris vulgaris (common marestail). As in the case of A.
heterophylla, these intermediate forms possess distinct
regions with different developmental patterns. To account
for intermediate forms during the transition from juvenile
to adult in maize (see Web Topic 24.2), a combinatorial
model has been proposed (Figure 24.11). According to this
model, shoot development can be described as a series of
independently regulated, overlapping programs (juvenile,
adult, and reproductive) that modulate the expression of a
common set of developmental processes.
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FIGURE 24.9 Juvenile and adult forms of ivy (Hedera helix).
The juvenile form has lobed palmate leaves arranged alter-
nately, a climbing growth habit, and no flowers. The adult
form (projecting out to the right) has entire ovate leaves
arranged in spirals, an upright growth habit, and flowers.
(Photo by L. Taiz.)



In the transition from juvenile to adult leaves, the inter-
mediate forms indicate that different regions of the same
leaf can express different developmental programs. Thus
the cells at the tip of the leaf remain committed to the juve-
nile program, while the cells at the base of the leaf become
committed to the adult program. The developmental fates
of the two sets of cells in the same leaf are quite different.

Juvenile Tissues Are Produced First and Are
Located at the Base of the Shoot
The sequence in time of the three developmental phases
results in a spatial gradient of juvenility along the shoot
axis. Because growth in height is restricted to the apical
meristem, the juvenile tissues and organs, which form first,
are located at the base of the shoot. In rapidly flowering
herbaceous species, the juvenile phase may last only a few
days, and few juvenile structures are produced. In contrast,
woody species have a more prolonged juvenile phase, in
some cases lasting 30 to 40 years (Table 24.1). In these cases
the juvenile structures can account for a significant portion
of the mature plant.

Once the meristem has switched over to the adult phase,
only adult vegetative structures are produced, culminating
in floral evocation. The adult and reproductive phases are
therefore located in the upper and peripheral regions of the
shoot.

Attainment of a sufficiently large size appears to be more
important than the plant’s chronological age in determin-
ing the transition to the adult phase. Conditions that retard
growth, such as mineral deficiencies, low light, water stress,
defoliation, and low temperature tend to prolong the juve-
nile phase or even cause rejuvenation (reversion to juve-
nility) of adult shoots. In contrast, conditions that promote
vigorous growth accelerate the transition to the adult phase.
When growth is accelerated, exposure to the correct flower-
inducing treatment can result in flowering.

Although plant size seems to be the most important fac-
tor, it is not always clear which specific component associ-
ated with size is critical. In some Nicotiana species, it
appears that plants must produce a certain number of
leaves to transmit a sufficient amount of the floral stimu-
lus to the apex.
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FIGURE 24.10 Leaves of Acacia heterophylla, showing transitions from pinnately
compound leaves (juvenile phase) to phyllodes (adult phase). Note that the previ-
ous phase is retained at the top of the leaf in the intermediate forms. 
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FIGURE 24.11 Schematic representation of the combinatorial model of
shoot development in maize. Overlapping gradients of expression of
the juvenile, vegetative adult, and reproductive phases are indicated
along the length of the main axis and branches. The continuous black
line represents processes that are required during all phases of devel-
opment. Each of the three phases may be regulated by separated
developmental programs, with intermediate phases arising when the
programs overlap.  (A) Vegetative young adult plant. (B) Flowering
plant. (After Poethig 1990.)



Once the adult phase has been attained, it is relatively
stable, and it is maintained during vegetative propagation
or grafting. For example, in mature plants of English ivy
(Hedera helix), cuttings taken from the basal region develop
into juvenile plants, while those from the tip develop into
adult plants. When scions were taken from the base of the
flowering tree silver birch (Betula verrucosa) and grafted
onto seedling rootstocks, there were no flowers on the
grafts within the first 2 years. In contrast, the grafts flow-
ered freely when scions were taken from the top of the
flowering tree. 

In some species, the juvenile meristem appears to be
capable of flowering but does not receive sufficient floral
stimulus until the plant becomes large enough. In mango
(Mangifera indica), for example, juvenile seedlings can be
induced to flower when grafted to a mature tree. In many
other woody species, however, grafting to an adult flow-
ering plant does not induce flowering.

Phase Changes Can Be Influenced by Nutrients,
Gibberellins, and Other Chemical Signals
The transition at the shoot apex from the juvenile to the
adult phase can be affected by transmissible factors from the
rest of the plant. In many plants, exposure to low-light con-
ditions prolongs juvenility or causes reversion to juvenility.
A major consequence of the low-light regime is a reduction
in the supply of carbohydrates to the apex; thus carbohy-
drate supply, especially sucrose, may play a role in the tran-
sition between juvenility and maturity. Carbohydrate sup-
ply as a source of energy and raw material can affect the
size of the apex. For example, in the florist’s chrysanthe-
mum (Chrysanthemum morifolium), flower primordia are not
initiated until a minimum apex size has been reached.

The apex receives a variety of hormonal and other fac-
tors from the rest of the plant in addition to carbohydrates
and other nutrients. Experimental evidence shows that the
application of gibberellins causes reproductive structures

to form in young, juvenile plants of several conifer fami-
lies. The involvement of endogenous GAs in the control of
reproduction is also indicated by the fact that other treat-
ments that accelerate cone production in pines (e.g., root
removal, water stress, and nitrogen starvation) often also
result in a buildup of GAs in the plant.

On the other hand, although gibberellins promote the
attainment of reproductive maturity in conifers and many
herbaceous angiosperms as well, GA3 causes rejuvenation
in Hedera and in several other woody angiosperms. The
role of gibberellins in the control of phase change is thus
complex, varies among species, and probably involves
interactions with other factors.

Competence and Determination Are Two Stages in
Floral Evocation
The term juvenility has different meanings for herbaceous
and woody species. Whereas juvenile herbaceous meris-
tems flower readily when grafted onto flowering adult
plants (see Web Topic 24.3), juvenile woody meristems
generally do not. What is the difference between the two?

Extensive studies in tobacco have demonstrated that flo-
ral evocation requires the apical bud to pass through two
developmental stages (Figure 24.12) (McDaniel et al. 1992).
One stage is the acquisition of competence. A bud is said to
be competent if it is able to flower when given the appro-
priate developmental signal. 

For example, if a vegetative shoot (scion) is grafted onto
a flowering stock and the scion flowers immediately, it is
demonstrably capable of responding to the level of floral
stimulus present in the stock and is therefore competent.
Failure of the scion to flower would indicate that the shoot
apical meristem has not yet attained competence. Thus the
juvenile meristems of herbaceous plants are competent to
flower, but those of woody species are not.

The next stage that a competent vegetative bud goes
through is determination. A bud is said to be determined
if it progresses to the next developmental stage (flowering)
even after being removed from its normal context. Thus a
florally determined bud will produce flowers even if it is
grafted onto a vegetative plant that is not producing any
floral stimulus.

In a day-neutral tobacco, for example, plants typically
flower after producing about 41 leaves or nodes. In an
experiment to measure the floral determination of the axil-
lary buds, flowering tobacco plants were decapitated just
above the thirty-fourth leaf (from the bottom). Released
from apical dominance, the axillary bud of the thirty-fourth
leaf grew out, and after producing 7 more leaves (for a total
of 41), it flowered (Figure 24.13A) (McDaniel 1996). How-
ever, if the thirty-fourth bud was excised from the plant
and either rooted or grafted onto a stock without leaves
near the base, it produced a complete set of leaves (41)
before flowering. This result shows that the thirty-fourth
bud was not yet florally determined.
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TABLE 24.1
Length of juvenile period in some woody plant species

Length of 
juvenile 

Species period

Rose (Rosa [hybrid tea]) 20–30 days
Grape (Vitis spp.) 1 year
Apple (Malus spp.) 4–8 years
Citrus spp. 5–8 years
English ivy (Hedera helix) 5–10 years
Redwood (Sequoia sempervirens) 5–15 years
Sycamore maple (Acer pseudoplatanus) 15–20 years
English oak (Quercus robur) 25–30 years
European beech (Fagus sylvatica) 30–40 years

Source: Clark 1983.



In another experiment, the donor plant was decapitated
above the thirty-seventh leaf. This time the thirty-seventh
axillary bud flowered after producing four leaves in all three
situations (see Figure 24.13B). This result demonstrates that
the terminal bud became florally determined after initiat-
ing 37 leaves.

Extensive grafting of shoot tips among tobacco varieties
has established that the number of nodes a meristem pro-
duces before flowering is a function of two factors: (1) the
strength of the floral stimulus from the leaves and (2) the
competence of the meristem to respond to the signal
(McDaniel et al. 1996).

In some cases the expression of flowering may be
delayed or arrested even after the apex becomes deter-
mined, unless it receives a second developmental signal
that stimulates expression (see Figure 24.12). For example,
intact Lolium temulentum (darnel ryegrass) plants become
committed to flowering after a single exposure to a long
day. If the Lolium shoot apical meristem is excised 28 hours
after the beginning of the long day and cultured in vitro, it
will produce normal inflorescences in culture, but only if
the hormone gibberellic acid (GA) is present in the
medium. Because apices cultured from plants grown exclu-
sively in short days never flower, even in the presence of
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FIGURE 24.12 A simplified model for floral evocation at the
shoot apex in which the cells of the vegetative meristem
acquire new developmental fates. To initiate floral develop-
ment, the cells of the meristem must first become compe-
tent. A competent vegetative meristem is one that can

respond to a floral stimulus (induction) by becoming flo-
rally determined (committed to producing a flower). The
determined state is usually expressed, but this may require
an additional signal. (After McDaniel et al. 1992.)
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(A)  Bud not determined (B)  Bud florally determined FIGURE 24.13 Demonstration of the deter-
mined state of axillary buds in tobacco. A
specific axillary bud of a flowering donor
plant is forced to grow, either directly on the
plant (in situ) by decapitation, or by rooting
or grafting to the base of the plant. The new
leaves and flowers produced by the axillary
bud are indicated by shading. (A) Result
when the bud is not determined. (B) Result
when the bud is florally determined. (After
McDaniel 1996.)



GA, we can conclude that long days are required for deter-
mination in Lolium, whereas GA is required for expression
of the determined state.

In general, once a meristem has become competent, it
exhibits an increasing tendency to flower with age (leaf
number). For example, in plants controlled by day length,
the number of short-day or long-day cycles necessary to
achieve flowering is often fewer in older plants (Figure
24.14). As will be discussed later in the chapter, this increas-
ing tendency to flower with age has its physiological basis
in the greater capacity of the leaves to produce a floral
stimulus.

Before discussing how plants perceive day length, how-
ever, we will lay the foundation by examining how organ-
isms measure time in general. This topic is known as
chronobiology, or the study of biological clocks. The best-
understood biological clock is the circadian rhythm.

CIRCADIAN RHYTHMS:
THE CLOCK WITHIN
Organisms are normally subjected to daily cycles of light
and darkness, and both plants and animals often exhibit
rhythmic behavior in association with these changes.
Examples of such rhythms include leaf and petal move-
ments (day and night positions), stomatal opening and
closing, growth and sporulation patterns in fungi (e.g.,
Pilobolus and Neurospora), time of day of pupal emergence
(the fruit fly Drosophila), and activity cycles in rodents, as
well as metabolic processes such as photosynthetic capac-
ity and respiration rate.

When organisms are transferred from daily light–dark
cycles to continuous darkness (or continuous dim light),
many of these rhythms continue to be expressed, at least
for several days. Under such uniform conditions the period
of the rhythm is then close to 24 hours, and consequently
the term circadian rhythm is applied (see Chapter 17).
Because they continue in a constant light or dark environ-
ment, these circadian rhythms cannot be direct responses
to the presence or absence of light but must be based on an
internal pacemaker, often called an endogenous oscillator.
A molecular model for a plant endogenous oscillator was
described in Chapter 17.

The endogenous oscillator is coupled to a variety of
physiological processes, such as leaf movement or photo-
synthesis, and it maintains the rhythm. For this reason the

endogenous oscillator can be considered the clock mecha-
nism, and the physiological functions that are being regu-
lated, such as leaf movements or photosynthesis, are some-
times referred to as the hands of the clock.

Circadian Rhythms Exhibit Characteristic Features
Circadian rhythms arise from cyclic phenomena that are
defined by three parameters:

1. Period, the time between comparable points in the
repeating cycle. Typically the period is measured as
the time between consecutive maxima (peaks) or
minima (troughs) (Figure 24.15A).

2. Phase2, any point in the cycle that is recognizable by
its relationship to the rest of the cycle. The most obvi-
ous phase points are the peak and trough positions.

3. Amplitude, usually considered to be the distance
between peak and trough. The amplitude of a biolog-
ical rhythm can often vary while the period remains
unchanged (as, for example, in Figure 24.15C).

In constant light or darkness, rhythms depart from an
exact 24-hour period. The rhythms then drift in relation to
solar time, either gaining or losing time depending on
whether the period is shorter or longer than 24 hours.
Under natural conditions, the endogenous oscillator is
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FIGURE 24.14 Effect of plant age on the number of long-
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followed by 16 hours of low-intensity incandescent light.
The older the plant is, the fewer photoinductive cycles are
needed to produce flowering.

2 The term phase should not be confused with the term
phase change in meristem development, discussed earlier.



entrained (synchronized) to a true 24-hour period by envi-
ronmental signals, the most important of which are the
light-to-dark transition at dusk and the dark-to-light tran-
sition at dawn (see Figure 24.15B). 

Such environmental signals are termed zeitgebers (Ger-
man for “time givers”). When such signals are removed—
for example, by transfer to continuous darkness—the

rhythm is said to be free-running, and it reverts to the cir-
cadian period that is characteristic of the particular organ-
ism (see Figure 24.15B).

Although the rhythms are generated internally, they
normally require an environmental signal, such as expo-
sure to light or a change in temperature, to initiate their
expression. In addition, many rhythms damp out (i.e., the

The Control of Flowering 571

Phase
points

A typical circadian rhythm. The period is the
time between comparable points in the
repeating cycle; the phase is any point in the
repeating cycle recognizable by its relationship
with the rest of the cycle; the amplitude
is the distance between peak and trough.

A circadian rhythm entrained to a 24 h
light–dark (L–D) cycle and its reversion to 
the free-running period (26 h in this example)
following transfer to continuous darkness.

Suspension of a circadian rhythm in
continuous bright light and the release
or restarting of the rhythm following
transfer to darkness.

Typical phase-shifting response to a
light pulse given shortly after transfer to
darkness. The rhythm is rephased (delayed)
without its period being changed.

(A)

(B)

(D)

(C)

Amplitude Period

12D 12L

26 h24 h

12D 12L 12D 12L (h)

(h)

12D 12L 12D 12L 12D 12L (h)

Light
pulse

Rephased
rhythm

Light

FIGURE 24.15 Some characteristics of circadian rhythms.



amplitude decreases) when the organism is in a constant
environment for some time and then require an environ-
mental zeitgeber, such as a transfer from light to dark or a
change in temperature, to be restarted (see Figure 24.15C).
Note that the clock itself does not damp out; only the cou-
pling between the molecular clock (endogenous oscillator)
and the physiological function is affected.

The circadian clock would be of no value to the organ-
ism if it could not keep accurate time under the fluctuating
temperatures experienced in natural conditions. Indeed,
temperature has little or no effect on the period of the free-
running rhythm. The feature that enables the clock to keep
time at different temperatures is called temperature com-
pensation. Although all of the biochemical steps in the
pathway are temperature-sensitive, their temperature
responses probably cancel each other. For example,
changes in the rates of synthesis of intermediates could be
compensated for by parallel changes in their rates of degra-
dation. In this way, the steady-state levels of clock regula-
tors would remain constant at different temperatures.

Phase Shifting Adjusts Circadian Rhythms to
Different Day–Night Cycles
In circadian rhythms, the operation of the endogenous
oscillator sets a response to occur at a particular time of
day. A single oscillator can be coupled to multiple circadian
rhythms, which may even be out of phase with each other.
How do such responses remain on time when the daily
durations of light and darkness change with the seasons?
The answer to this question lies in the fact that the phase of
the rhythm can be changed if the whole cycle is moved for-
ward or backward in time without its period being altered.

Investigators test the response of the endogenous oscil-
lator usually by placing the organism in continuous dark-
ness and examining the response to a short pulse of light
(usually less than 1 hour) given at different phase points in
the free-running rhythm. When an organism is entrained
to a cycle of 12 hours light and 12 hours dark and then
allowed to free-run in darkness, the phase of the rhythm
that coincides with the light period of the previous entrain-
ing cycle is called the subjective day, and the phase that
coincides with the dark period is called the subjective
night.

If a light pulse is given during the first few hours of the
subjective night, the rhythm is delayed; the organism inter-
prets the light pulse as the end of the previous day (see Fig-
ure 24.15D). In contrast, a light pulse given toward the end
of the subjective night advances the phase of the rhythm;
now the organism interprets the light pulse as the begin-
ning of the following day. 

As already pointed out, this is precisely the pattern of
response that would be expected if the rhythm is to stay on
local time. Therefore, these phase-shifting responses enable
the rhythm to be entrained to approximately 24-hour cycles
with different durations of light and darkness, and they

demonstrate that the rhythm will run differently under dif-
ferent natural conditions of day length.

Phytochromes and Cryptochromes 
Entrain the Clock
The molecular mechanism whereby a light signal causes
phase shifting is not yet known, but studies in Arabidopsis
have identified some of the key elements of the circadian
oscillator and its inputs and outputs (see Chapter 17). The
low levels and specific wavelengths of light that can induce
phase shifting indicate that the light response must be
mediated by specific photoreceptors rather than rates of
photosynthesis. For example, the red-light entrainment of
rhythmic nyctonastic leaf movements in Samanea, a semi-
tropical leguminous tree, is a low-fluence response medi-
ated by phytochrome (see Chapter 17).

Arabidopsis has five phytochromes, and all but one of them
(phytochrome C) have been implicated in clock entrainment.
Each phytochrome acts as a specific photoreceptor for red,
far-red, or blue light. In addition, the CRY1 and CRY2 pro-
teins participate in blue-light entrainment of the clock, as they
do in insects and mammals (Devlin and Kay 2000). Surpris-
ingly, CRY proteins also appear to be required for normal
entrainment by red light. Since these proteins do not absorb
red light, this requirement suggests that CRY1 and CRY2
may act as intermediates in phytochrome signaling during
entrainment of the clock (Yanovsky and Kay 2001). 

In Drosophila, CRY proteins interact physically with
clock components and thus constitute part of the oscillator
mechanism (Devlin and Kay 2000). However, this does not
appear to be the case in Arabidopsis, in which cry1/cry2 dou-
ble mutants have normal circadian rhythms. Precisely how
Arabidopsis CRY proteins interact with the endogenous
oscillator mechanism to induce phase shifting remains to
be elucidated (Yanovsky et al. 2001).

PHOTOPERIODISM:
MONITORING DAY LENGTH
As we have seen, the circadian clock enables organisms to
determine the time of day at which a particular molecular
or biochemical event occurs. Photoperiodism, or the abil-
ity of an organism to detect day length, makes it possible
for an event to occur at a particular time of year, thus allow-
ing for a seasonal response. Circadian rhythms and pho-
toperiodism have the common property of responding to
cycles of light and darkness.

Precisely at the equator, day length and night length are
equal and constant throughout the year. As one moves
away from the equator toward the poles, the days become
longer in summer and shorter in winter (Figure 24.16). Not
surprisingly, plant species have evolved to detect these sea-
sonal changes in day length, and their specific photoperi-
odic responses are strongly influenced by the latitude from
which they originated.
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Photoperiodic phenomena are found in both animals
and plants. In the animal kingdom, day length controls
such seasonal activities as hibernation, development of
summer or winter coats, and reproductive activity. Plant
responses controlled by day length are numerous, includ-
ing the initiation of flowering, asexual reproduction, the
formation of storage organs, and the onset of dormancy.

Perhaps all plant photoperiodic responses utilize the
same photoreceptors, with subsequent specific signal trans-
duction pathways regulating different responses. Because
it is clear that monitoring the passage of time is essential to
all photoperiodic responses, a timekeeping mechanism
must underlie both the time-of-year and the time-of-day
responses. The circadian oscillator is thought to provide an
endogenous time-measuring mechanism that serves as a
reference point for the response to incoming light (or dark)
signals from the environment. How changing photoperi-
ods are evaluated against the circadian oscillator reference
will be discussed shortly.

Plants Can Be Classified by Their Photoperiodic
Responses
Numerous plant species flower during the long days of
summer, and for many years plant physiologists believed
that the correlation between long days and flowering was
a consequence of the accumulation of photosynthetic prod-
ucts synthesized during long days.

This hypothesis was shown to be incorrect by the work
of Wightman Garner and Henry Allard, conducted in the
1920s at the U.S. Department of Agriculture laboratories in
Beltsville, Maryland. They found that a mutant variety of
tobacco, Maryland Mammoth, grew profusely to about 5

m in height but failed to flower in the prevailing con-
ditions of summer (Figure 24.17). However,

the plants flowered in the greenhouse
during the winter under natural light
conditions.

These results ultimately led Garner
and Allard to test the effect of artifi-
cially providing short days by cover-
ing plants grown during the long days
of summer with a light-tight tent from
late in the afternoon until the follow-
ing morning. These artificial short days

also caused the plants to flower. This
requirement for short days was difficult

to reconcile with the idea that longer peri-
ods of radiation and the resulting increase

in photosynthesis promote flowering in gen-
eral. Garner and Allard concluded that the length of

the day was the determining factor in flowering and were
able to confirm this hypothesis in many different species
and conditions. This work laid the foundations for the
extensive subsequent research on photoperiodic responses.

The classification of plants according to their photoperi-
odic responses is usually based on flowering, even though
many other aspects of plants’ development may also be
affected by day length. The two main photoperiodic response
categories are short-day plants and long-day plants:
1. Short-day plants (SDPs) flower only in short days

(qualitative SDPs), or their flowering is accelerated by
short days (quantitative SDPs).
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2. Long-day plants (LDPs) flower only in long days
(qualitative LDPs), or their flowering is accelerated by
long days (quantitative LDPs).

The essential distinction between long-day and short-
day plants is that flowering in LDPs is promoted only when
the day length exceeds a certain duration, called the critical
day length, in every 24-hour cycle, whereas promotion of
flowering in SDPs requires a day length that is less than the
critical day length. The absolute value of the critical day

length varies widely among species, and only when flow-
ering is examined for a range of day lengths can the correct
photoperiodic classification be established (Figure 24.18).

Long-day plants can effectively measure the lengthen-
ing days of spring or early summer and delay flowering
until the critical day length is reached. Many varieties of
wheat (Triticum aestivum) behave in this way. SDPs often
flower in fall, when the days shorten below the critical day
length, as in many varieties of Chrysanthemum morifolium.
However, day length alone is an ambiguous signal because
it cannot distinguish between spring and fall.

Plants exhibit several adaptations for avoiding the ambi-
guity of day length signal. One is the coupling of a tem-
perature requirement to a photoperiodic response. Certain
plant species, such as winter wheat, do not respond to pho-
toperiod until after a cold period (vernalization or over-
wintering) has occurred. (We will discuss vernalization a
little later in the chapter.)

Other plants avoid seasonal ambiguity by distinguish-
ing between shortening and lengthening days. Such
“dual–day length plants” fall into two categories:

1. Long-short-day plants (LSDPs) flower only after a
sequence of long days followed by short days. LSDPs,
such as Bryophyllum, Kalanchoe, and Cestrum noctur-
num (night-blooming jasmine), flower in the late sum-
mer and fall, when the days are shortening.

2. Short-long-day plants (SLDPs) flower only after a
sequence of short days followed by long days.
SLDPs, such as Trifolium repens (white clover),
Campanula medium (Canterbury bells), and Echeveria
harmsii (echeveria), flower in the early spring in
response to lengthening days.

Finally, species that flower under any photoperiodic con-
dition are referred to as day-neutral plants. Day-neutral
plants (DNPs) are insensitive to day length. Flowering in
DNPs is typically under autonomous regulation—that is,
internal developmental control. Some day-neutral species,
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FIGURE 24.17 Maryland Mammoth mutant of tobacco
(right) compared to wild-type tobacco (left). Both plants
were grown during summer in the greenhouse. (University
of Wisconsin graduate students used for scale.) (Photo
courtesy of R. Amasino.)
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such as Phaseolus vulgaris (kidney bean) evolved near the
equator where the daylength is constant throughout the
year. Many desert annuals, such as Castilleja chromosa (desert
paintbrush) and Abronia villosa (desert sand verbena),
evolved to germinate, grow, and flower quickly whenever
sufficient water is available. These are also DNPs.

Plants Monitor Day Length by Measuring 
the Length of the Night

Under natural conditions, day and night lengths config-
ure a 24-hour cycle of light and darkness. In principle, a
plant could perceive a critical day length by measuring the
duration of either light or darkness. Much experimental
work in the early studies of photoperiodism was devoted
to establishing which part of the light–dark cycle is the
controlling factor in flowering. Results showed that flow-
ering of SDPs is determined primarily by the duration of
darkness (Figure 24.19A). It was possible to induce flow-
ering in SDPs with light periods longer than the critical
value, provided that these were followed by sufficiently
long nights (Figure 24.19B). Similarly, SDPs did not flower
when short days were followed by short nights.

More detailed experiments demonstrated that photope-
riodic timekeeping in SDPs is a matter of measuring the
duration of darkness. For example, flowering occurred
only when the dark period exceeded 8.5 hours in cocklebur

LDP
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FIGURE 24.19 The photoperiodic regulation of flowering.
(A) Effects on SDPs and LDPs. (B) Effects of the duration of
the dark period on flowering. Treating short- and long-day
plants with different photoperiods clearly shows that the
critical variable is the length of the dark period.
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(Xanthium strumarium) or 10 hours in soybean (Glycine
max). The duration of darkness was also shown to be
important in LDPs (see Figure 24.19). These plants were
found to flower in short days, provided that the accompa-
nying night length was also short; however, a regime of
long days followed by long nights was ineffective.

Night Breaks Can Cancel the Effect of the 
Dark Period
A feature that underscores the importance of the dark
period is that it can be made ineffective by interruption
with a short exposure to light, called a night break (see
Figure 24.19A). In contrast, interrupting a long day with
a brief dark period does not cancel the effect of the long
day (see Figure 24.19B). Night-break treatments of only a
few minutes are effective in preventing flowering in many
SDPs, including Xanthium and Pharbitis, but much longer
exposures are often required to promote flowering in LDPs.

In addition, the effect of a night break varies greatly
according to the time when it is given. For both LDPs and
SDPs, a night break was found to be most effective when
given near the middle of a dark period of 16 hours (Fig-
ure 24.20).

The discovery of the night-break effect, and its time
dependence, had several important consequences. It estab-
lished the central role of the dark period and provided a

valuable probe for studying photoperiodic timekeeping.
Because only small amounts of light are needed, it became
possible to study the action and identity of the photore-
ceptor without the interfering effects of photosynthesis and
other nonphotoperiodic phenomena. This discovery has
also led to the development of commercial methods for
regulating the time of flowering in horticultural species,
such as Kalanchoe, chrysanthemum, and poinsettia (Euphor-
bia pulcherrima).

The Circadian Clock Is Involved in Photoperiodic
Timekeeping
The decisive effect of night length on flowering indicates
that measuring the passage of time in darkness is central
to photoperiodic timekeeping. Most of the available evi-
dence favors a mechanism based on a circadian rhythm
(Bünning 1960). According to the clock hypothesis, pho-
toperiodic timekeeping depends on an endogenous circa-
dian oscillator of the type involved in the daily rhythms
described in Chapter 17 in relation to phytochrome. The
central oscillator is coupled to various physiological
processes that involve gene expression, including flower-
ing in photoperiodic species.

Measurements of the effect of a night break on flower-
ing can be used to investigate the role of circadian rhythms
in photoperiodic timekeeping. For example, when soybean
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plants, which are SDPs, are transferred from an 8-hour
light period to an extended 64-hour dark period, the flow-
ering response to night breaks shows a circadian rhythm
(Figure 24.21). 

This type of experiment provides strong support for the
clock hypothesis. If this SDP were simply measuring the
length of night by the accumulation of a particular inter-
mediate in the dark, any dark period greater than the crit-
ical night length should cause flowering. Yet long dark
periods are not inductive for flowering if the light break is
given at a time that does not properly coincide with a cer-
tain phase of the endogenous circadian oscillator. This find-
ing demonstrates that flowering in SDPs requires both a
dark period of sufficient duration and a dawn signal at an
appropriate time in the circadian cycle (see Figure 24.15).

Further evidence for the role of a circadian oscillator in
photoperiod measurement is the observation that the pho-
toperiodic response can be phase-shifted by light treat-
ments (see Web Topic 24.4).

The Coincidence Model Is Based on Oscillating
Phases of Light Sensitivity
The involvement of a circadian oscillator in photoperi-
odism poses an important question: How does an oscilla-
tion with a 24-hour period measure a critical duration of
darkness of, say, 8 to 9 hours, as in the SDP Xanthium?
Erwin Bünning proposed in 1936 that the control of flow-
ering by photoperiodism is achieved by an oscillation of
phases with different sensitivities to light. This proposal
has evolved into a coincidence model (Bünning 1960), in
which the circadian oscillator controls the timing of light-
sensitive and light-insensitive phases.

The ability of light either to promote or to inhibit flow-
ering depends on the phase in which the light is given.
When a light signal is administered during the light-sensi-
tive phase of the rhythm, the effect is either to promote flow-
ering in LDPs or to prevent flowering in SDPs. As shown in
Figure 24.21, the phases of sensitivity and insensitivity to

light continue to oscillate in darkness in SDPs. Flowering
in SDPs is induced only when exposure to light from a
night break or from dawn occurs after completion of the
light-sensitive phase of the rhythm. In other words, flower-
ing is induced when the light exposure is coincident with the
appropriate phase of the rhythm. This continued oscillation of
sensitive and insensitive phases in the absence of dawn
and dusk light signals is characteristic of a variety of
processes controlled by the circadian oscillator.

The Leaf Is the Site of Perception of the
Photoperiodic Stimulus
The photoperiodic stimulus in both LDPs and SDPs is per-
ceived by the leaves. For example, treatment of a single leaf
of the SDP Xanthium with short photoperiods is sufficient
to cause the formation of flowers, even when the rest of the
plant is exposed to long days. Thus, in response to pho-
toperiod the leaf transmits a signal that regulates the tran-
sition to flowering at the shoot apex. The photoperiod-reg-
ulated processes that occur in the leaves resulting in the
transmission of a floral stimulus to the shoot apex are
referred to collectively as photoperiodic induction.

Photoperiodic induction can take place in a leaf that has
been separated from the plant. For example, in the SDP Per-
illa crispa, an excised leaf exposed to short days can cause
flowering when subsequently grafted to a noninduced
plant maintained in long days (Zeevaart and Boyer 1987).
This result indicates that photoperiodic induction depends
on events that take place exclusively in the leaf.

Grafting experiments, which have contributed greatly
to our understanding of the floral stimulus, will be dis-
cussed in more detail later in the chapter.

The Floral Stimulus Is Transported via the Phloem
Once produced, the flowering stimulus appears to be trans-
ported to the meristem via the phloem, and it appears to be
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FIGURE 24.21 Rhythmic flowering in response to night
breaks. In this experiment, the SDP soybean (Glycine max)
received cycles of an 8-hour light period followed by a 64-
hour dark period. A 4-hour night break was given at vari-
ous times during the long inductive dark period. The flow-
ering response, plotted as the percentage of the maximum,
was then plotted for each night break given. Note that a
night break given at 26 hours induced maximum flowering,
while no flowering was obtained when the night break was
given at 40 hours. Moreover, this experiment demonstrates
that the sensitivity to the effect of the night break shows a
circadian rhythm. These data support a model in which
flowering in SDPs is induced only when dawn (or a night
break) occurs after the completion of the light-sensitive
phase. In LDPs the light break must coincide with the light-
sensitive phase for flowering to occur. (Data from Coulter
and Hamner 1964.) 
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chemical rather than physical in nature. Treatments that block
phloem transport, such as girdling or localized heat-killing
(see Chapter 10), prevent movement of the floral signal.

It is possible to measure rates of movement of the flow-
ering stimulus by removing a leaf at different times after
induction, and comparing the time it takes for the signal
to reach two buds located at different distances from the
induced leaf. The rationale for this type of measurement is
that a threshold amount of the signaling compound has
reached the bud when flowering takes place, despite the
removal of the leaf. 

Studies using this method have shown that the rate of
transport of the flowering signal is comparable to, or
somewhat slower than, the rate of translocation of sugars
in the phloem (see Chapter 10). For example, export of the
floral stimulus from adult leaves of the SDP Chenopodium
is complete within 22.5 hours from the beginning of the
long night period. In the LDP Sinapis, movement of the flo-
ral stimulus out of the leaf is complete by as early as 16
hours after the start of the long-day treatment. These rates
are consistent with a floral stimulus that moves in the
phloem (Zeevaart 1976).

Because the floral stimulus is translocated along with
sugars in the phloem, it is subject to source–sink relations.
An induced leaf positioned close to the shoot apex is more
likely to cause flowering than an induced leaf at the base
of a stem, which normally feeds the roots. Similarly, non-
induced leaves positioned between the induced leaf and
the apical bud will tend to inhibit flowering by serving as

the preferred source leaves for the bud, thus preventing
the floral stimulus from the more distal induced leaf from
reaching its target. This inhibition also explains why a
minimum amount of photosynthesis is required by the
induced leaf to drive translocation.

Phytochrome Is the Primary Photoreceptor in
Photoperiodism
Night-break experiments are well suited for studying the
nature of the photoreceptors involved in the reception of
light signals during the photoperiodic response. The inhi-
bition of flowering in SDPs by night breaks was one of the
first physiological processes shown to be under the con-
trol of phytochrome (Figure 24.22).

In many SDPs, a night break becomes effective only
when the supplied dose of light is sufficient to saturate the
photoconversion of Pr (phytochrome that absorbs red
light) to Pfr (phytochrome that absorbs far-red light) (see
Chapter 17). A subsequent exposure to far-red light, which
photoconverts the pigment back to the physiologically
inactive Pr form, restores the flowering response.

In some LDPs, red and far-red reversibility has also
been demonstrated. In these plants, a night break of red
light promoted flowering, and a subsequent exposure to
far-red light prevented this response.

Action spectra for the inhibition and restoration of the
flowering response in SDPs are shown in Figure 24.23. A
peak at 660 nm, the absorption maximum of Pr (see Chap-
ter 17), is obtained when dark-grown Pharbitis seedlings are
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FIGURE 24.22 Phytochrome control
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This response indicates the involve-
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used to avoid interference from chlorophyll. In contrast, the
spectra for Xanthium provide an example of the response
in green plants, in which the presence of chlorophyll can
cause some discrepancy between the action spectrum and
the absorption spectrum of Pr. These action spectra and the
reversibility between red light and far-red light confirm the
role of phytochrome as the photoreceptor that is involved
in photoperiod measurement in SDPs.

In LDPs the role of phytochrome is more complex, and
a blue-light photoreceptor (which will be discussed shortly)
also plays a role in controlling flowering.

Far-Red Light Modifies Flowering in Some LDPs
Circadian rhythms have also been found in LDPs. A circa-
dian rhythm in the promotion of flowering by far-red light
has been observed in barley (Hordeum vulgare) and Ara-
bidopsis (Deitzer 1984), as well as in darnel ryegrass (Lolium
temulentum) (Figure 24.24). The response is proportional to
the irradiance and duration of far-red light and is therefore
a high-irradiance response (HIR). Like other HIRs, PHYA
is the phytochrome that mediates the response to far-red
light (see Chapter 17). In both cases, when the plant is

exposed to far-red light for 4 to 6 hours, flowering is pro-
moted compared with plants maintained under continu-
ous white or red light—a response mediated by PHYB. The
rhythm continues to run in the light.

In SDPs, on the other hand, a characteristic feature of
the timing mechanism is that the rhythm of the response
to far-red light damps out after a few hours in continuous
light and is restarted upon transfer to darkness.

The response to far-red light is not the only rhythmic
feature in LDPs. Although relatively insensitive to a night
break of only a few minutes, many LDPs can be induced
to flower with a longer night break, usually of at least 1
hour. A circadian oscillation in the flowering response to
such a long night break has been observed in LDPs, show-
ing that a rhythm of responsiveness to light continues to
run in darkness.

Thus, circadian rhythms that modify the flowering
response in LDPs have been shown to run both in the light
(promotion by far-red light) and in the dark (promotion by
red or white light). However, we do not yet know how the
circadian rhythm is coupled to the photoperiodic response.
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FIGURE 24.23 Action spectra for the control of flowering by
night breaks implicates phytochrome. Flowering in SDPs is
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This 660 nm maximum coincides with the absorption maxi-
mum of phytochrome. (Data for Xanthium from Hendricks
and Siegelman 1967; data for Pharbitis from Saji et al. 1983.)
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FIGURE 24.24 Effect of far-red light on floral induction in
Arabidopsis. Four hours of far-red light was added at the
indicated times during a continuous 72-hour daylight
period. Data points in the graph are plotted at the centers
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rhythm of sensitivity to the far-red promotion of flowering
(red line). This supports a model in which flowering in
LDPs is promoted when the light treatment (in this case
far-red light) coincides with the peak of light sensitivity.
(After Deitzer 1984.)



A Blue-Light Photoreceptor Also 
Regulates Flowering
In some LDPs, such as Arabidopsis, blue light can promote
flowering, suggesting the possible participation of a blue-
light photoreceptor in the control of flowering. The role of
blue light in flowering and its relationship to circadian
rhythms have been investigated by use of the luciferase
reporter gene construct mentioned in Web Topic 24.6. In
continuous white light, the cyclic luminescence has a
period of 24.7 hours, but in constant darkness the period
lengthens to 30 to 36 hours. Either red or blue light, given
individually, shortens the period to 25 hours.

To distinguish between the effects of phytochrome and
a blue-light photoreceptor, researchers transformed phy-
tochrome-deficient hy1 mutants, which are defective in
chromophore synthesis and are therefore deficient in all
phytochromes (see Chapter 17), with the luciferase con-
struct to determine the effect of the mutation on the period
length (Millar et al. 1995).

Under continuous white light, the hy1 plants had a
period similar to that of the wild type, indicating that little
or no phytochrome is required for white light to affect the
period. Furthermore, under continuous red light, which
would be perceived only by PHYB (see Chapter 17), the
period of hy1 was significantly lengthened (i.e., it became
more like constant darkness), whereas the period was not
lengthened by continuous blue light. These results indicate
that both phytochrome and a blue-light photoreceptor are
involved in period control.

The role of blue light in regulating both circadian rhyth-
micity and flowering is also supported by studies with an
Arabidopsis flowering-time mutant: elf3 (early flowering 3)
(see Web Topics 24.5 and 24.6). Confirmation that a blue-
light photoreceptor is involved in sensing inductive pho-
toperiods in Arabidopsis was recently provided by experi-
ments demonstrating that mutations in one of the
cryptochrome genes, CRY2 (see Chapter 18), caused a delay
in flowering and an inability to perceive inductive pho-
toperiods (Guo et al. 1998). As discussed in Chapter 18,
CRY1 encodes a blue-light photoreceptor controlling
seedling growth in Arabidopsis. Thus, various CRY family
members have, through evolution, become specialized for
different functions in the plant. As noted earlier, the CRY
protein has also been implicated in the entrainment of the
circadian oscillator (see Chapter 17).

VERNALIZATION:
PROMOTING FLOWERING WITH COLD
Vernalization is the process whereby flowering is promoted
by a cold treatment given to a fully hydrated seed (i.e., a seed
that has imbibed water) or to a growing plant. Dry seeds do
not respond to the cold treatment. Without the cold treat-
ment, plants that require vernalization show delayed flow-
ering or remain vegetative. In many cases these plants grow
as rosettes with no elongation of the stem (Figure 24.25).

In this section we will examine some of the character-
istics of the cold requirement for flowering, including the
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FIGURE 24.25 Vernalization induces flowering in the win-
ter-annual types of Arabidopsis thaliana. The plant on the left
is a winter-annual type that has not been exposed to cold.
The plant on the right is a genetically identical winter-

annual type that was exposed to 40 days of temperatures
slightly above freezing (40°C) as a seedling. It flowered 3
weeks after the end of the cold treatment with about 9
leaves on the primary stem. (Courtesy of Colleen Bizzell.)

Winter-annual Arabidopsis
without vernalization

Winter-annual Arabidopsis
with vernalization



range and duration of the inductive temperatures, the sites
of perception, the relationship to photoperiodism, and a
possible molecular mechanism.

Vernalization Results in Competence to Flower at
the Shoot Apical Meristem
Plants differ considerably in the age at which they become
sensitive to vernalization. Winter annuals, such as the win-
ter forms of cereals (which are sown in the fall and flower
in the following summer), respond to low temperature
very early in their life cycle. They can be vernalized before
germination if the seeds have imbibed water and become
metabolically active. Other plants, including most bienni-
als (which grow as rosettes during the first season after
sowing and flower in the following summer), must reach
a minimal size before they become sensitive to low tem-
perature for vernalization.

The effective temperature range for vernalization is from
just below freezing to about 10°C, with a broad optimum
usually between about 1 and 7°C (Lang 1965). The effect of
cold increases with the duration of the cold treatment until
the response is saturated. The response usually requires
several weeks of exposure to low temperature, but the pre-
cise duration varies widely with species and variety.

Vernalization can be lost as a result of exposure to dev-
ernalizing conditions, such as high temperature (Figure
24.26), but the longer the exposure to low temperature, the
more permanent the vernalization effect.

Vernalization appears to take place primarily in the
shoot apical meristem. Localized cooling causes flowering
when only the stem apex is chilled, and this effect appears
to be largely independent of the temperature experienced
by the rest of the plant. Excised shoot tips have been suc-

cessfully vernalized, and where seed vernalization is pos-
sible, fragments of embryos consisting essentially of the
shoot tip are sensitive to low temperature.

In developmental terms, vernalization results in the
acquisition of competence of the meristem to undergo the
floral transition. Yet, as discussed earlier in the chapter, com-
petence to flower does not guarantee that flowering will
occur. A vernalization requirement is often linked with a
requirement for a particular photoperiod (Lang 1965). The
most common combination is a requirement for cold treat-
ment followed by a requirement for long days—a combina-
tion that leads to flowering in early summer at high latitudes
(see Web Topic 24.7). Unless devernalized, the vernalized
meristem can remain competent to flower for as long as 300
days in the absence of the inductive photoperiod.

Vernalization May Involve Epigenetic Changes in
Gene Expression
It is important to note that for vernalization to occur, active
metabolism is required during the cold treatment. Sources
of energy (sugars) and oxygen are required, and tempera-
tures below freezing at which metabolic activity is sup-
pressed are not effective for vernalization. Furthermore, cell
division and DNA replication also appear to be required.

One model for how vernalization affects competence is
that there are stable changes in the pattern of gene expression
in the meristem after cold treatment. Changes in gene expres-
sion that are stable even after the signal that induced the
change (in this case cold) is removed are known as epige-
netic regulation. Epigenetic changes of gene expression in
many organisms, from yeast to mammals, often require cell
division and DNA replication, as is the case for vernalization.

The involvement of epigenetic regulation in the vernal-
ization process has been confirmed in the LDP Arabidopsis.
In winter-annual ecotypes of Arabidopsis that require both
vernalization and long days to flower, a gene that acts as a
repressor of flowering has been identified: FLOWERING
LOCUS C (FLC). FLC is highly expressed in nonvernalized
shoot apical meristems (Michaels and Amasino 2000). After
vernalization, this gene is epigenetically switched off by an
unknown mechanism for the remainder of the plant’s life
cycle, permitting flowering in response to long days to
occur (Figure 24.27). In the next generation, however, the
gene is switched on again, restoring the requirement for
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FIGURE 24.26 The duration of exposure to low temperature
increases the stability of the vernalization effect.  The longer that
winter rye (Secale cereale) is exposed to a cold treatment, the
greater the number of plants that remain vernalized when the
cold treatment is followed by a devernalizing treatment. In this
experiment, seeds of rye that had imbibed water were exposed to
5°C for different lengths of time, then immediately given a dever-
nalizing treatment of 3 days at 35°C. (Data from Purvis and
Gregory 1952.)



cold. Thus in Arabidopsis, the state of expression of the FLC
gene represents a major determinant of meristem compe-
tence (Michaels and Amasino 2000).

BIOCHEMICAL SIGNALING 
INVOLVED IN FLOWERING
In the preceding sections we examined the influence of
environmental conditions (such as temperature and day
length) versus that of autonomous factors (such as age) on
flowering. Although floral evocation occurs at the apical
meristems of the shoots, some of the events that result in
floral evocation are triggered by biochemical signals arriv-
ing at the apex from other parts of the plant, especially
from the leaves. Mutants have been isolated that are defi-
cient in the floral stimulus (see Web Topic 24.6).

In this section we will consider the nature of the bio-
chemical signals arriving from the leaves and other parts
of the plant in response to photoperiodic stimuli. Such sig-
nals may serve either as activators or as inhibitors of flow-
ering. After years of investigation, no single substance has
been identified as the universal floral stimulus, although
certain hormones, such as gibberellins and ethylene, can
induce flowering in some species. Hence, most current
models of the floral stimulus are based on multiple factors.

Grafting Studies Have Provided Evidence for a
Transmissible Floral Stimulus
The production in photoperiodically induced leaves of a
biochemical signal that is transported to a distant target tis-
sue (the shoot apex) where it stimulates a response (flow-
ering) satisfies an important criterion for a hormonal effect.
In the 1930s, Mikhail Chailakhyan, working in Russia, pos-
tulated the existence of a universal flowering hormone,
which he named florigen.

The evidence in support of florigen comes mainly from
early grafting experiments in which noninduced receptor
plants were stimulated to flower by being grafted onto a
leaf or shoot from photoperiodically induced donor plants.
For example, in the SDP Perilla crispa, a member of the mint
family, grafting a leaf from a plant grown under inductive
short days onto a plant grown under noninductive long
days causes the latter to flower (Figure 24.28). Moreover, the
floral stimulus seems to be the same in plants with different
photoperiodic requirements. Thus, grafting an induced leaf
from the LDP Nicotiana sylvestris, grown under long days,
onto the SDP Maryland Mammoth tobacco caused the lat-
ter to flower under noninductive (long day) conditions.

The leaves of DNPs have also been shown to produce a
graft-transmissible floral stimulus (Table 24.2). For exam-
ple, grafting a single leaf of a day-neutral variety of soy-
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FIGURE 24.27 (Left) Vernalization blocks the expression of
the gene FLOWERING LOCUS C (FLC) in cold-requiring
winter annual ecotypes of Arabidopsis. (Right) A winter
annual with an FLC mutation exhibits early flowering with-
out cold treatment. (Photo courtesy of R. Amasino.)



bean, Agate, onto the short-day variety, Biloxi, caused flow-
ering in Biloxi even when the latter was maintained in non-
inductive long days. Similarly, a leaf from a day-neutral
variety of tobacco (Nicotiana tabacum, cv. Trapezond)
grafted onto the LDP Nicotiana sylvestris induced the latter
to flower under noninductive short days.

In a few cases, flowering has been induced by grafts
between different genera. The SDP Xanthium strumarium
flowered under long-day conditions when shoots of flow-
ering Calendula officinalis were grafted onto a vegetative Xan-
thium stock. Similarly, grafting a shoot from the LDP Petunia
hybrida onto a stock of the cold-requiring biennial Hyoscya-
mus niger (henbane) caused the latter to flower under long
days, even though it was nonvernalized (Figure 24.29).

In Perilla (see Figure 24.28), the movement of the floral
stimulus from a donor leaf to the stock across the graft union

FIGURE 24.28 Demonstration by grafting of a leaf-generated floral stimulus in the
SDP Perilla. (Left) Grafting an induced leaf from a plant grown under short days
onto a noninduced shoot causes the axillary shoots to produce flowers. The donor
leaf has been trimmed to facilitate grafting, and the upper leaves have been
removed from the stock to promote phloem translocation from the scion to the
receptor shoots. (Right) Grafting a noninduced leaf from a plant grown under LDs
results in the formation of vegetative branches only. (Photo courtesy of J. A. D.
Zeevaart.)

TABLE 24.2 
Transmissible factors regulate flowering.

Donor plants
maintained under flower- Photoperiod Vegetative receptor plant Photoperiod
inducing conditions typea,b induced to flower typea,b

Helianthus annus DNP in LD H. tuberosus SDP in LD

Nicotiana tabacum Delcrest DNP in SD N. sylvestris LDP in SD

Nicotiana sylvestris LDP in LD N. tabacum SDP in LD
Maryland Mammoth

Nicotiana tabacum SDP in SD N. sylvestris LDP in SD
Maryland Mammoth

Note: The successful transfer of a flowering induction signal by grafting between plants of different pho-
toperiodic response groups shows the existence of a transmissible floral hormone that is effective.
aLDPs = Long-day plants; SDPs = Short- day plants; DNPs = Day-neutral plants.
bLD, long days; SD, short days.

FIGURE 24.29 Successful transfer of the floral stimulus
between different genera: The scion (right branch) is the
LDP Petunia hybrida, and the stock is nonvernalized
Hyoscyamus niger (henbane). The graft combination was
maintained under LDs. (Photo courtesy of J. A. D.
Zeevaart.)

Induced 
graft donor

Uninduced 
graft donor



correlated closely with the translocation of 14C-labeled
assimilates from the donor, and this movement was depen-
dent on the establishment of vascular continuity across the
graft union (Zeevaart 1976). These results confirmed earlier
girdling studies showing that the floral stimulus is translo-
cated along with photoassimilates in the phloem.

Indirect Induction Implies That the Floral Stimulus
Is Self-Propagating
In at least three cases—Xanthium (SDP), Bryophyllum
(SLDP), and Silene (LDP)—the induced state appears to be

self-propagating (Zeevaart 1976). That is, young leaves that
develop on the receptor plant after it has been induced to
flower by a donor leaf can themselves be used as donor
leaves in subsequent grafting experiments, even though
these leaves have never been subjected to an inductive pho-
toperiod. This phenomenon is called indirect induction.

It is characteristic of indirect induction that the strength
of the floral stimulus from the donor leaf remains constant
even after serial grafting of new donors to several plants
has taken place (Figure 24.30A). This suggests that the
induced state is in some way propagated throughout the
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(B)  Grafting of induced leaf to uninduced shoot causes flowering in multiple grafts in Perilla.

(A)  Indirect induction can be demonstrated in serial grafting experiments in Xanthium.

Second
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Third
graft

FIGURE 24.30 Different types of
leaf induction in Xanthium and
Perilla. (A) Xanthium exhibits
indirect induction. Noninduced
leaves from a plant induced to
flower are capable of inducing
other plants to flower even
though they have never
received an inductive photope-
riod. This suggests that the flo-
ral stimulus is self-propagating.
(B) In Perilla, only the leaf given
the inductive photoperiod is
capable of serving as a donor
for the floral stimulus. In Perilla
as well as Xanthium, one leaf
can continue to induce flower-
ing in successive grafting exper-
iments (Lang 1965).



plant. Although this feature of the floral stimulus has some-
times been described as viruslike, it is unlikely that the flo-
ral stimulus can replicate itself like a virus. Rather, the flo-
ral stimulus is likely to be a molecule that induces its own
production in a positive feedback loop. In Xanthium (cock-
lebur), removal of all buds from the shoot blocks indirect
induction, indicating that meristematic tissue, or perhaps
auxin, is required for propagation of the induced state.

On the other hand, indirect induction does not occur in
the SDP Perilla. In Perilla, only the leaf actually given an
inductive photoperiod is capable of transmitting the floral
stimulus in a grafting experiment (see Figure 24.30B). Thus
the floral stimulus of Perilla is not self-propagating as it is
in Xanthium, Bryophyllum, and Silene. Either the mechanism
for a positive feedback loop is absent in Perilla leaves, or
translocation of the floral stimulus is restricted to the meris-
tem so that it never enters the leaves.

Unlike Xanthium, which requires the presence of a bud
for stable induction, Perilla leaves can be stably induced
even when detached from the plant. Once induced, Perilla
leaves cannot be uninduced, and the same leaf can con-
tinue to serve as a donor of the floral stimulus in successive
grafting experiments without any reduction in potency
(Zeevaart 1976).

Evidence for Antiflorigen Has Been Found 
in Some LDPs
Grafting studies have implicated transmissible inhibitors in
flowering regulation as well. Such inhibitors have been
called antiflorigen, but (like florigen) antiflorigen may con-
sist of multiple compounds. For example, grafting an unin-
duced leafy shoot from the LDP Nicotiana sylvestris onto the
day-neutral tobacco cultivar Trapezond suppressed flower-
ing in the day-neutral plant under short days but not long-
day conditions (Figure 24.31). On the other hand, when an
uninduced donor from the SDP Maryland Mammoth was
grafted onto Trapezond, it had no effect on flowering in
either short-day or long-day conditions. This and similar
results suggest that the leaves of LDPs, but not SDPs, pro-
duce flowering inhibitors under noninductive conditions.

Similar studies in peas have led to the identification of
several genetic loci that regulate steps in the biosynthetic
pathways of both floral activators and floral inhibitors (see
Web Topic 24.5).

Attempts to Isolate Transmissible Floral
Regulators Have Been Unsuccessful
The many attempts to isolate and characterize the floral
stimulus have been largely unsuccessful. The most com-
mon approach has been to make extracts from induced leaf
tissue and test for their ability to elicit flowering in nonin-
duced plants. In other experiments, investigators have
extracted and analyzed phloem sap from induced plants.
In some studies, extracts from one of these sources have
induced flowering in test plants, but these results have not

been consistently reproduced. Most of these extractions
have focused on small molecules.

Recent studies using fluorescent tracers have shown that
in Arabidopsis there is actually a decrease in the movement
of small molecules from the leaf-to-shoot apex via the sym-
plast at the time of floral induction (Gisel et al. 2002). The
lack of tracer movement from the leaf to the shoot apex
may indicate either a reduction in overall symplastic trans-
port to the shoot apex, or a change in the selectivity of the
plasmodesmata during floral induction. There is increas-
ing evidence that macromolecular traffic between cells via
plasmodesmata plays essential roles in normal meristem
development and function (see Chapter 16). Particles as
large as viruses can move from cell to cell via plasmodes-
mata, and throughout the plant via the phloem. Phloem
translocation of small RNAs has recently been implicated
in the spread of a viral resistance mechanism throughout
plants (Hamilton and Baulcombe 1999). It is therefore pos-
sible that the floral stimulus is a macromolecule, such as
RNA or protein, that is translocated via the phloem from
the leaf to the apical meristem, where it functions as a reg-
ulator of gene expression (Crawford and Zambryski 1999).

FIGURE 24.31 Graft transmission of an inhibitor of flower-
ing. Non-induced rosettes from the LDP Nicotiana sylvestris
were grafted onto the day-neutral tobacco (Nicotiana
tabacum, cv. Trapezond). Flowering of the day-neutral plant
was suppressed under short days (left branch of plant on
right), but not under long days (left branch of plant on left).
Arrowheads indicate graft unions. (From Lang et al. 1977.)
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However, thus far attempts to identify such a signal have
been unsuccessful.

Efforts to isolate a specific, graft-transmissible inhibitor
of flowering have also been unsuccessful. Thus, despite
unequivocal data from grafting experiments showing that
transmissible factors regulate flowering (see Table 24.2)
(Zeevaart 1976), the substances involved remain elusive.

Gibberellins and Ethylene Can Induce 
Flowering in Some Plants
Among the naturally occurring growth hormones, gib-
berellins (GAs) (see Chapter 20) can have a strong influence
on flowering (see Web Topic 24.8). Recent studies suggest
that gibberellin promotes flowering in Arabidopsis by acti-
vating expression of the LFY gene (Blazquez and Weigel
2000). Exogenous gibberellin can evoke flowering when
applied either to rosette LDPs like Arabidopsis, or to
dual–day length plants such as Bryophyllum, when grown
under short days (Lang 1965; Zeevaart 1985). 

In addition, application of GAs can evoke flowering in
a few SDPs in noninductive conditions, and in cold-requir-
ing plants that have not been vernalized. As previously dis-
cussed, cone formation can also be promoted in juvenile
plants of several gymnosperm families by addition of GAs.
Thus, in some plants exogenous GAs can bypass the
endogenous trigger of age in autonomous flowering, as
well as the primary environmental signals of day length
and temperature.

As discussed in Chapter 20, plants contain many GA-
like compounds. Most of these compounds are either pre-
cursors to, or inactive metabolites of, the active forms of
GA. In some situations different GAs have markedly dif-
ferent effects on flowering and stem elongation, such as in
the long-day plant Lolium temulentum (darnel ryegrass) (see
Web Topic 24.9). 

These observations suggest that the regulation of flow-
ering may be associated with specific GAs, but they do not
prove that GA is the hypothetical flowering hormone. In
fact, a certain level of GA is likely to be required for flow-
ering in many species, but other pathways to flowering are
necessary as well. For example, a mutation in GA biosyn-
thesis renders the quantitative LDP Arabidopsis thaliana
unable to flower in noninductive short days but has little
effect on flowering in long days, demonstrating that
endogenous GA is required for flowering in specific situa-
tions (Wilson et al. 1992).

Considerable attention has been given to the effects of
day length on GA metabolism in the plant (see Chapter 20).
For example, in the long-day plant spinach (Spinacia oler-
acea), the levels of gibberellins are relatively low in short
days, and the plants maintain a rosette form. After the
plants are transferred to long days, the levels of all the gib-
berellins of the 13-hydroxylated pathway (GA53 → GA44 →
GA19 → GA20 → GA1; see Chapter 20) increase. However,
the fivefold increase in the physiologically active gib-

berellin, GA1, is what causes the marked stem elongation
that accompanies flowering.

In addition to GAs, other growth hormones can either
inhibit or promote flowering. One commercially important
example is the striking promotion of flowering in pineap-
ple (Ananas comosus) by ethylene and ethylene-releasing
compounds—a response that appears to be restricted to
members of the pineapple family (Bromeliaceae). Thus, as
discussed next, the floral stimulus may be composed of
many components, and these components may differ in
different groups of plants.

The Transition to Flowering Involves Multiple
Factors and Pathways
It is clear that the transition to flowering involves a com-
plex system of interacting factors that include, among oth-
ers, carbohydrates, gibberellins, cytokinins, and, in the
bromeliads, ethylene (see Web Topic 24.10). Leaf-generated
transmissible signals are required for determination of the
shoot apex in both autonomously regulated and photope-
riodic species. Determining whether these transmissible
signals consist of single or multiple components is a major
challenge for the future.

Recent genetic studies have established that there are
four genetically distinct developmental pathways that con-
trol flowering in the LDP Arabidopsis (Blazquez 2000). Fig-
ure 24.32 shows a simplified version of the four pathways:

1. The photoperiodic pathway involves phytochromes and
cryptochromes. (Note that PHYA and PHYB have
contrasting effects on flowering; see Web Topic
24.11.) The interaction of these photoreceptors with a
circadian clock initiates a pathway that eventually
results in the expression of the gene CONSTANS
(CO), which encodes a zinc-finger transcription factor
that promotes flowering. CO acts through other genes
to increase the expression of the floral meristem iden-
tity gene LEAFY (LFY).

2. In the dual autonomous/vernalization pathway, flower-
ing occurs either in response to internal signals—the
production of a fixed number of leaves—or to low
temperatures. In the autonomous pathway of
Arabidopsis, all of the genes associated with the path-
way are expressed in the meristem. The autonomous
pathway acts by reducing the expression of the flow-
ering repressor gene FLOWERING LOCUS C (FLC),
an inhibitor of LFY (Michaels and Amasino 2000).
Vernalization also represses FLC, but perhaps by a
different mechanism (an epigenetic switch). Because
the FLC gene is a common target, the autonomous
and vernalization pathways are grouped together.

3. The carbohydrate, or sucrose, pathway reflects the meta-
bolic state of the plant. Sucrose stimulates flowering
in Arabidopsis by increasing LFY expression, although
the genetic pathway is unknown.
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4. The gibberellin pathway is required for early flowering
and for flowering under noninductive short days.

All four pathways converge by increasing the expres-
sion of the key floral meristem identity gene AGAMOUS-
LIKE 20 (AGL20). The role of AGL20, a MADS box–con-
taining transcription factor, is to integrate the signals
coming from all four pathways into a unitary output. Obvi-
ously the strongest output signal occurs when all four path-
ways are activated.

Figure 24.33 shows the level of AGL20 gene expression
in the shoot apical meristem of an Arabidopsis plant after
shifting from noninductive short days (8-hour day length)
to inductive long days (16-hour day length). Note that an
increase in AGL20 expression can be detected as early as 18
hours after the beginning of the long-day treatment (Borner
et al. 2000). Thus it takes only 10 hours beyond an 8-hour
short day for the meristem to begin responding to the floral
stimulus from the leaves. This timing is consistent with pre-

vious measurements of the rates of export of the floral stim-
ulus from induced leaves (discussed earlier in the chapter).

Although many pathways feed into AGL20, there must
be some redundancy in the system because flowering is
only delayed, but not completely blocked, in agl20 mutants.
Thus, one or two other genes must be able to take over the
role of AGL20 when it is mutated.

Once turned on by AGL20, LFY activates the floral
homeotic genes—APETALA1 (AP1), APETALA3 (AP3),
PISTILLATA (PI), and AGAMOUS (AG)—that are required
for floral organ development. APETALA2 (AP2) is
expressed in both vegetative and floral meristems and is
therefore not affected by LFY. However, as discussed ear-
lier in the chapter, AP2 exerts a negative effect on AG
expression (see Figure 24.6).

Besides serving as a floral homeotic gene, AP1 functions
as a meristem identity gene in Arabidopsis because it is
involved in a positive feedback loop with LFY. Conse-
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quently, once the transition to flowering has reached this
stage, flowering is irreversible.

The existence of multiple flowering pathways provides
angiosperms with maximum reproductive flexibility,
enabling them to produce seeds under a wide variety of
conditions. Redundancy within the pathways ensures that
reproduction, the most crucial of all physiological func-
tions, will be relatively insensitive to mutations and evo-
lutionarily robust. 

The details of the pathways undoubtedly vary among
different species. In maize, for example, at least one of the
genes involved in the autonomous pathway is expressed
in leaves (see Web Topic 24.12). Nevertheless, the presence
of multiple flowering pathways is probably universal
among angiosperms.

SUMMARY
Flower formation occurs at the shoot apical meristem and
is a complex morphological event. The rosette plant Ara-
bidopsis has been an important model for studies on floral
development. The four floral organs (sepals, petals, sta-
mens, and carpels) are initiated as successive whorls. Three
classes of genes regulate floral development. The first class
contains positive regulators of the floral meristem identity.
APETALA1 (AP1) and LEAFY (LFY) are the most important
Arabidopsis floral meristem identity genes. 

Meristem identity genes are positive regulators of
another class of genes that determine floral organ identity.
There are five known floral organ identity genes in Ara-
bidopsis: APETALA1 (AP1), APETALA2 (AP2), APETALA3
(AP3), PISTILLATA (PI), and AGAMOUS (AG). Cadastral
genes make up the third group. Cadastral genes act as spa-
tial regulators of the floral organ identity genes by setting
boundaries for their expression.

The genes that control floral organ identity are
homeotic. Most homeotic genes in plants contain the
MADS box. Mutations in these genes alter the identity of
the floral organs produced in two adjacent whorls. The
ABC model seeks to explain how the floral homeotic genes
control organ identity through the unique combinations of
their products. Type A genes control organ identity in the
first and second whorls. Type B activity controls organ
determination in the second and third whorls. The third
and fourth whorls are controlled by type C activity.

The ability to flower (i.e., to make the transition from
juvenility to maturity) is attained when the plant has
reached a certain age or size. In some plants, the transition
to flowering then occurs independently of the environment
(autonomously). Other plants require exposure to appro-
priate environmental conditions. The most common envi-
ronmental inputs for flowering are day length and tem-
perature.

The response to day length—photoperiodism—pro-
motes flowering at a particular time of year, and several
different categories of responses are known. The photope-
riodic signal is perceived by the leaf. Exposure to low tem-
perature—vernalization—is required for flowering in some
plants, and this requirement is often coupled with a day
length requirement. Vernalization occurs at the shoot api-
cal meristem. Photoperiodism and vernalization interact in
several ways.

Daily rhythms—circadian rhythms—can locate an event
at a particular time of day. Timekeeping in these rhythms
is based on an endogenous circadian oscillator. Keeping the
rhythm on local time depends on the phase response of the
rhythm to environmental signals. The most important sig-
nals are dawn and dusk. 

Short-day plants flower when a critical duration of dark-
ness is exceeded. Long-day plants flower when the length
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of the dark period is less than a critical value. Light given
at certain times in a dark period that is longer than the crit-
ical value—a night break—prevents the effect of the dark
period. Light also acts on the circadian oscillator to entrain
the photoperiodic rhythm, an effect that is important for
timekeeping in the dark. The photoperiodic mechanism
shows some variation in short-day and long-day responses,
but both appear to involve phytochrome and a circadian
oscillator.

When photoperiod-responsive plants are induced to
flower by exposure to appropriate day lengths, leaves send
a chemical signal to the apex to bring about flowering. This
transmissible signal is able to cause flowering in plants of
different photoperiodic response groups. In noninductive
day lengths, a transmissible inhibitor of flowering may be
produced by the leaves of LDPs. 

Although physiological experiments, especially graft-
ing, indicate the existence of a transmissible floral stimulus
and, in some cases, flowering inhibitors, the chemical iden-
tity of these factors is not known. Plant growth hormones,
especially the gibberellins, can modify flowering in many
plants. 

The transition to flowering is regulated by multiple sig-
nals and multiple pathways. In Arabidopsis, flowering is
controlled by four pathways: the photoperiodic,
autonomous/vernalization, sucrose, and GA pathways. All
of these pathways converge to regulate the meristem iden-
tity genes AGAMOUS-LIKE 20 (AGL20) and LEAFY (LFY).
AGL20 and LFY, in turn, regulate the floral homeotic genes
to produce the floral organs. The existence of multiple
pathways for flowering provides angiosperms with the
flexibility to reproduce under a variety of environmental
conditions, thus increasing their evolutionary fitness.

Web Material

Web Topics
24.1 Contrasting the Characteristics of Juvenile

and Adult Phases of English Ivy (Hedera
helix) and Maize (Zea mays)

A table of juvenile vs. adult morphological
characteristics is presented.

24.2 Regulation of Juvenility by the TEOPOD (TP)
Genes in Maize

The genetic control of juvenility in maize is
discussed.

24.3 Flowering of Juvenile Meristems Grafted to
Adult Plants

The competence of juvenile meristems to
flower can be tested in grafting experiments.

24.4 Characteristics of the Phase-Shifting
Response in Circadian Rhythms

Petal movements in Kalenchoe have been
used to study circadian rhythms.

24.5 Genes That Control Flowering Time

A discussion of genes that control different
apects of flowering time is presented.

24.6 Support for the Role of Blue-Light
Regulation of Circadian Rhythms

The role of ELF3 in mediating the effects of
blue light on flowering time is discussed.

24.7 Regulation of Flowering in Canterbury Bell
by Both Photoperiod and Vernalization

Short days acting on the leaf can substitute
for vernalization at the shoot apex in
Canterbury Bell.

24.8 Examples of Floral Induction by
Gibberellins in Plants with Different
Environmental Requirements for Flowering

A table of the effects of gibberellins on plants
with different photoperiodic requirements.

24.9 The Different Effects of Two Different
Gibberellins on Flowering (Spike Length)
and Elongation (Stem Length)

GA1 and GA32 have different effects on flower-
ing in Lolium.

24.10 The Influence of Cytokinins and Polyamines
on Flowering

Other growth regulators beside gibberellins
may participate in the flowering response.

24.11 The Contrasting Effects of Phytochromes A
and B on Flowering

A brief discussion of the effects of phyA and
phyB on flowering in Arabidopsis and other
species.

24.12 A Gene That Regulates the Floral Stimulus
in Maize

The INDETERMINATE 1 gene of maize regu-
lates the transition to flowering and is
expressed in young leaves.
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Stress Physiology25
Chapter

IN BOTH NATURAL AND AGRICULTURAL CONDITIONS, plants are
frequently exposed to environmental stresses. Some environmental fac-
tors, such as air temperature, can become stressful in just a few minutes;
others, such as soil water content, may take days to weeks, and factors
such as soil mineral deficiencies can take months to become stressful. It
has been estimated that because of stress resulting from climatic and soil
conditions (abiotic factors) that are suboptimal, the yield of field-grown
crops in the United States is only 22% of the genetic potential yield
(Boyer 1982).

In addition, stress plays a major role in determining how soil and cli-
mate limit the distribution of plant species. Thus, understanding the
physiological processes that underlie stress injury and the adaptation
and acclimation mechanisms of plants to environmental stress is of
immense importance to both agriculture and the environment.

The concept of plant stress is often used imprecisely, and stress ter-
minology can be confusing, so it is useful to start our discussion with
some definitions. Stress is usually defined as an external factor that
exerts a disadvantageous influence on the plant. This chapter will con-
cern itself with environmental or abiotic factors that produce stress in
plants, although biotic factors such as weeds, pathogens, and insect pre-
dation can also produce stress. In most cases, stress is measured in rela-
tion to plant survival, crop yield, growth (biomass accumulation), or the
primary assimilation processes (CO2 and mineral uptake), which are
related to overall growth.

The concept of stress is intimately associated with that of stress tol-
erance, which is the plant’s fitness to cope with an unfavorable envi-
ronment. In the literature the term stress resistance is often used inter-
changeably with stress tolerance, although the latter term is preferred.
Note that an environment that is stressful for one plant may not be
stressful for another. For example, pea (Pisum sativum) and soybean
(Glycine max) grow best at about 20°C and 30°C, respectively. As tem-
perature increases, the pea shows signs of heat stress much sooner than
the soybean. Thus the soybean has greater heat stress tolerance.



If tolerance increases as a result of exposure to prior
stress, the plant is said to be acclimated (or hardened).
Acclimation can be distinguished from adaptation, which
usually refers to a genetically determined level of resistance
acquired by a process of selection over many generations.
Unfortunately, the term adaptation is sometimes used in the
literature to indicate acclimation. And to add to the com-
plexity, we will see later that gene expression plays an
important role in acclimation.

Adaptation and acclimation to environmental stresses
result from integrated events occurring at all levels of orga-
nization, from the anatomical and morphological level to
the cellular, biochemical, and molecular level. For example,
the wilting of leaves in response to water deficit reduces
both water loss from the leaf and exposure to incident light,
thereby reducing heat stress on leaves.

Cellular responses to stress include changes in the cell
cycle and cell division, changes in the endomembrane sys-
tem and vacuolization of cells, and changes in cell wall
architecture, all leading to enhanced stress tolerance of
cells. At the biochemical level, plants alter metabolism in
various ways to accommodate environmental stresses,
including producing osmoregulatory compounds such as
proline and glycine betaine. The molecular events linking
the perception of a stress signal with the genomic responses
leading to tolerance have been intensively investigated in
recent years.

In this chapter we will examine these principles, and the
ways in which plants adapt and acclimate to water deficit,
salinity, chilling and freezing, heat, and oxygen deficiency
in the root biosphere. Air pollution, an important source of
plant stress, is discussed in Web Essay 25.1. Although it is
convenient to examine each of these stress factors sepa-
rately, most are interrelated, and a common set of cellular,
biochemical, and molecular responses accompanies many
of the individual acclimation and adaptation processes.

For example, water deficit is often associated with salin-
ity in the root biosphere and with heat stress in the leaves
(resulting from decreased evaporative cooling due to low
transpiration), and chilling and freezing lead to reductions
in water activity and osmotic stress. We will also see that
plants often display cross-tolerance—that is, tolerance to
one stress induced by acclimation to another. This behav-
ior implies that mechanisms of resistance to several stresses
share many common features.

WATER DEFICIT AND 
DROUGHT RESISTANCE
In this section we will examine some drought resistance
mechanisms, which are divided into several types. First we
can distinguish between desiccation postponement (the
ability to maintain tissue hydration) and desiccation tol-
erance (the ability to function while dehydrated), which are
sometimes referred to as drought tolerance at high and low

water potentials, respectively. The older literature often
uses the term drought avoidance (instead of drought tolerance),
but this term is a misnomer because drought is a meteoro-
logical condition that is tolerated by all plants that survive
it and avoided by none. A third category, drought escape,
comprises plants that complete their life cycles during the
wet season, before the onset of drought. These are the only
true “drought avoiders.”

Among the desiccation postponers are water savers and
water spenders. Water savers use water conservatively, pre-
serving some in the soil for use late in their life cycle; water
spenders aggressively consume water, often using prodigious
quantities. The mesquite tree (Prosopis sp.) is an example of
a water spender. This deeply rooted species has ravaged
semiarid rangelands in the southwestern United States, and
because of its prodigious water use, it has prevented the
reestablishment of grasses that have agronomic value.

Drought Resistance Strategies Vary with Climatic
or Soil Conditions
The water-limited productivity of plants (Table 25.1)
depends on the total amount of water available and on the
water-use efficiency of the plant (see Chapters 4 and 9). A
plant that is capable of acquiring more water or that has
higher water-use efficiency will resist drought better. Some
plants possess adaptations, such as the C4 and CAM modes
of photosynthesis that allow them to exploit more arid
environments. In addition, plants possess acclimation
mechanisms that are activated in response to water stress.

Water deficit can be defined as any water content of a
tissue or cell that is below the highest water content exhib-
ited at the most hydrated state. When water deficit devel-
ops slowly enough to allow changes in developmental
processes, water stress has several effects on growth, one
of which is a limitation in leaf expansion. Leaf area is
important because photosynthesis is usually proportional
to it. However, rapid leaf expansion can adversely affect
water availability.

592 Chapter 25

TABLE 25.1
Yields of corn and soybean crops in the United States

Crop yield (percentage of 10-year average)

Year Corn Soybean

1979 104 106
1980 87 88 Severe drought
1981 104 100
1982 108 104
1983 77 87 Severe drought
1984 101 93
1985 112 113
1986 113 110
1987 114 111
1988 80 89 Severe drought

Source: U.S. Department of Agriculture 1989.



If precipitation occurs only during winter and spring,
and summers are dry, accelerated early growth can lead to
large leaf areas, rapid water depletion, and too little resid-
ual soil moisture for the plant to complete its life cycle. In
this situation, only plants that have some water available
for reproduction late in the season or that complete the life
cycle quickly, before the onset of drought (exhibiting
drought escape), will produce seeds for the next genera-
tion. Either strategy will allow some reproductive success.

The situation is different if summer rainfall is significant
but erratic. In this case, a plant with large leaf area, or one
capable of developing large leaf area very quickly, is better
suited to take advantage of occasional wet summers. One
acclimation strategy in these conditions is a capacity for
both vegetative growth and flowering over an extended
period. Such plants are said to be indeterminate in their
growth habit, in contrast to determinate plants, which
develop preset numbers of leaves and flower over only
very short periods.

In the discussions that follow, we will examine several
acclimation strategies, including inhibited leaf expan-
sion, leaf abscission, enhanced root growth, and stomatal
closure.

Decreased Leaf Area Is an Early Adaptive
Response to Water Deficit
Typically, as the water content of the plant decreases, its
cells shrink and the cell walls relax (see Chapter 3). This
decrease in cell volume results in lower turgor pressure
and the subsequent concentration of solutes in the cells.
The plasma membrane becomes thicker and more com-
pressed because it covers a smaller area than before.
Because turgor reduction is the earliest significant bio-
physical effect of water stress, turgor-dependent activities
such as leaf expansion and root elongation are the most
sensitive to water deficits (Figure 25.1).

Cell expansion is a turgor-driven process and is
extremely sensitive to water deficit. Cell expansion is
described by the relationship

GR = m(Yp – Y) (25.1)

where GR is growth rate, Yp is turgor, Y is the yield thresh-
old (the pressure below which the cell wall resists plastic,
or nonreversible, deformation), and m is the wall extensi-
bility (the responsiveness of the wall to pressure).

This equation shows that a decrease in turgor causes a
decrease in growth rate. Note also that besides showing
that growth slows down when stress reduces Yp, Equation
25.1 shows that Yp need decrease only to the value of Y,
not to zero, to eliminate expansion. In normal conditions,
Y is usually only 0.1 to 0.2 MPa less than Yp, so small
decreases in water content and turgor can slow down or
fully stop growth.

Water stress not only decreases turgor, but also
decreases m and increases Y. Wall extensibility (m) is nor-

mally greatest when the cell wall solution is slightly acidic.
In part, stress decreases m because cell wall pH typically
rises during stress. The effects of stress on Y are not well
understood, but presumably they involve complex struc-
tural changes of the cell wall (see Chapter 15) that may not
be readily reversed after relief of stress. Water-deficient
plants tend to become rehydrated at night, and as a result
substantial leaf growth occurs at that time. Nonetheless,
because of changes in m and Y, the growth rate is still lower
than that of unstressed plants having the same turgor (see
Figure 25.1).

Because leaf expansion depends mostly on cell expan-
sion, the principles that underlie the two processes are sim-
ilar. Inhibition of cell expansion results in a slowing of leaf
expansion early in the development of water deficits. The
smaller leaf area transpires less water, effectively conserv-
ing a limited water supply in the soil over a longer period.
Reduction in leaf area can thus be considered a first line of
defense against drought.

In indeterminate plants, water stress limits not only leaf
size, but also leaf number, because it decreases both the
number and the growth rate of branches. Stem growth has
been studied less than leaf expansion, but stem growth is
probably affected by the same forces that limit leaf growth
during stress.

Keep in mind, too, that cell and leaf expansion also
depend on biochemical and molecular factors beyond
those that control water flux. Much evidence supports the
view that plants change their growth rates in response to
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et al. 1984.)



stress by coordinately controlling many other important
processes such as cell wall and membrane biosynthesis, cell
division, and protein synthesis (Burssens et al. 2000).

Water Deficit Stimulates Leaf Abscission
The total leaf area of a plant (number of leaves × surface
area of each leaf) does not remain constant after all the
leaves have matured. If plants become water stressed after
a substantial leaf area has developed, leaves will senesce
and eventually fall off (Figure 25.2). Such a leaf area adjust-
ment is an important long-term change that improves the
plant’s fitness in a water-limited environment. Indeed,
many drought-deciduous, desert plants drop all their
leaves during a drought and sprout new ones after a rain.
This cycle can occur two or more times in a single season.
Abscission during water stress results largely from
enhanced synthesis of and responsiveness to the endoge-
nous plant hormone ethylene (see Chapter 22).

Water Deficit Enhances Root Extension into
Deeper, Moist Soil
Mild water deficits also affect the development of the root
system. Root-to-shoot biomass ratio appears to be gov-
erned by a functional balance between water uptake by the
root and photosynthesis by the shoot (see Figure 23.6). Sim-
ply stated, a shoot will grow until it is so large that water uptake
by the roots becomes limiting to further growth; conversely,
roots will grow until their demand for photosynthate from the
shoot equals the supply. This functional balance is shifted if
the water supply decreases.

As discussed already, leaf expansion is affected very
early when water uptake is curtailed, but photosynthetic
activity is much less affected. Inhibition of leaf expansion

reduces the consumption of carbon and energy, and a
greater proportion of the plant’s assimilates can be distrib-
uted to the root system, where they can support further
root growth. At the same time, the root apices in dry soil
lose turgor. 

All these factors lead to a preferential root growth into
the soil zones that remain moist. As water deficits progress,
the upper layers of the soil usually dry first. Thus, plants
commonly show a mainly shallow root system when all
soil layers are wetted, and a loss of shallow roots and pro-
liferation of deep roots as water in top layers of the soil is
depleted. Deeper root growth into wet soil can be consid-
ered a second line of defense against drought.

Enhanced root growth into moist soil zones during stress
requires allocation of assimilates to the growing root tips.
During water deficit, assimilates are directed to the fruits
and away from the roots (see Chapter 10). For this reason
the enhanced water uptake resulting from root growth is
less pronounced in reproductive plants than in vegetative
plants. Competition for assimilates between roots and fruits
is one explanation for the fact that plants are generally more
sensitive to water stress during reproduction.

Stomata Close during Water Deficit 
in Response to Abscisic Acid
The preceding sections focused on changes in plant devel-
opment during slow, long-term dehydration. When the
onset of stress is more rapid or the plant has reached its full
leaf area before initiation of stress, other responses protect
the plant against immediate desiccation. Under these con-
ditions, stomata closure reduces evaporation from the exist-
ing leaf area. Thus, stomatal closure can be considered a
third line of defense against drought.

Uptake and loss of water in guard cells changes their
turgor and modulates stomatal opening and closing (see
Chapters 4 and 18). Because guard cells are located in the
leaf epidermis, they can lose turgor as a result of a direct
loss of water by evaporation to the atmosphere. The
decrease in turgor causes stomatal closure by hydropassive
closure. This closing mechanism is likely to operate in air
of low humidity, when direct water loss from the guard
cells is too rapid to be balanced by water movement into
the guard cells from adjacent epidermal cells.

A second mechanism, called hydroactive closure, closes
the stomata when the whole leaf or the roots are dehy-
drated and depends on metabolic processes in the guard
cells. A reduction in the solute content of the guard cells
results in water loss and decreased turgor, causing the
stomata to close; thus the hydraulic mechanism of hydroac-
tive closure is a reversal of the mechanism of stomatal
opening. However, the control of hydroactive closure dif-
fers in subtle but important ways from stomatal opening.

Solute loss from guard cells can be triggered by a
decrease in the water content of the leaf, and abscisic acid
(ABA) (see Chapter 23) plays an important role in this
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FIGURE 25.2 The leaves of young cotton (Gossypium hirsu-
tum) plants abscise in response to water stress. The plants
at left were watered throughout the experiment; those in
the middle and at right were subjected to moderate stress
and severe stress, respectively, before being watered again.
Only a tuft of leaves at the top of the stem is left on the
severely stressed plants. (Courtesy of B. L. McMichael.)



process. Abscisic acid is synthesized continuously at a low
rate in mesophyll cells and tends to accumulate in the
chloroplasts. When the mesophyll becomes mildly dehy-
drated, two things happen:

1. Some of the ABA stored in the chloroplasts is released
to the apoplast (the cell wall space) of the mesophyll
cell (Hartung et al. 1998). The redistribution of ABA
depends on pH gradients within the leaf, on the
weak-acid properties of the ABA molecule, and on the
permeability properties of cell membranes (Figure
25.3). The redistribution of ABA makes it possible for
the transpiration stream to carry some of the ABA to
the guard cells.

2. ABA is synthesized at a higher rate, and more ABA
accumulates in the leaf apoplast. The higher ABA
concentrations resulting from the higher rates of ABA
synthesis appear to enhance or prolong the initial
closing effect of the stored ABA. The mechanism of
ABA-induced stomatal closure is discussed in
Chapter 23.

Stomatal responses to leaf dehydration can vary widely
both within and across species. The stomata of some dehy-
dration-postponing species, such as cowpea (Vigna unguic-
ulata) and cassava (Manihot esculenta), are unusually
responsive to decreasing water availability, and stomatal

conductance and transpiration
decrease so much that leaf water
potential (Yw; see Chapters 3 and 4)
may remain nearly constant during
drought.

Chemical signals from the root
system may affect the stomatal
responses to water stress (Davies et
al. 2002). Stomatal conductance is
often much more closely related to
soil water status than to leaf water
status, and the only plant part that
can be directly affected by soil water
status is the root system. In fact,
dehydrating only part of the root
system may cause stomatal closure
even if the well-watered portion of
the root system still delivers ample
water to the shoots. 

When corn (Zea mays) plants
were grown with roots trained into
two separate pots and water was
withheld from only one of the pots,
the stomata closed partially, and the
leaf water potential increased, just as
in the dehydration postponers
already described. These results
show that stomata can respond to
conditions sensed in the roots.

Besides ABA (Sauter et al. 2001), other signals, such as pH
and inorganic ion redistribution, appear to play a role in
long-distance signaling between the roots and the shoots
(Davies et al. 2002).

Water Deficit Limits Photosynthesis within the
Chloroplast
The photosynthetic rate of the leaf (expressed per unit leaf
area) is seldom as responsive to mild water stress as leaf
expansion is (Figure 25.4) because photosynthesis is much
less sensitive to turgor than is leaf expansion. However,
mild water stress does usually affect both leaf photosyn-
thesis and stomatal conductance. As stomata close during
early stages of water stress, water-use efficiency (see Chap-
ters 4 and 9) may increase (i.e., more CO2 may be taken up
per unit of water transpired) because stomatal closure
inhibits transpiration more than it decreases intercellular
CO2 concentrations.

As stress becomes severe, however, the dehydration of
mesophyll cells inhibits photosynthesis, mesophyll metab-
olism is impaired, and water-use efficiency usually
decreases. Results from many studies have shown that the
relative effect of water stress on stomatal conductance is
significantly larger than that on photosynthesis. The
response of photosynthesis and stomatal conductance to
water stress can be partitioned by exposure of stressed
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FIGURE 25.3 Accumulation of ABA by chloroplasts in the light. Light stimulates
proton uptake into the grana, making the stroma more alkaline. The increased alka-
linity causes the weak acid ABA•H to dissociate into H+ and the ABA– anion. The
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cytosol, and the concentration difference drives the passive diffusion of ABA•H
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ABA•H concentrations in the stroma and the cytosol are equal. But as long as the
stroma remains more alkaline, the total ABA concentration (ABA•H + ABA–) in the
stroma greatly exceeds the concentration in the cytosol.



leaves to air containing high concentrations of CO2. Any
effect of the stress on stomatal conductance is eliminated
by the high CO2 supply, and differences between photo-
synthetic rates of stressed and unstressed plants can be
directly attributed to damage from the water stress to pho-
tosynthesis.

Does water stress directly affect translocation? Water
stress decreases both photosynthesis and the consumption
of assimilates in the expanding leaves. As a consequence,
water stress indirectly decreases the amount of photosyn-
thate exported from leaves. Because phloem transport
depends on turgor (see Chapter 10), decreased water
potential in the phloem during stress may inhibit the
movement of assimilates. However, experiments have
shown that translocation is unaffected until late in the
stress period, when other processes, such as photosynthe-
sis, have already been strongly inhibited (Figure 25.5).

This relative insensitivity of translocation to stress
allows plants to mobilize and use reserves where they are
needed (e.g., in seed growth), even when stress is
extremely severe. The ability to continue translocating

assimilates is a key factor in almost all aspects of plant
resistance to drought.

Osmotic Adjustment of Cells Helps Maintain Plant
Water Balance
As the soil dries, its matric potential (see Web Topic 3.3)
becomes more negative. Plants can continue to absorb
water only as long as their water potential (Yw) is lower
(more negative) than that of the soil water. Osmotic adjust-
ment, or accumulation of solutes by cells, is a process by
which water potential can be decreased without an accom-
panying decrease in turgor or decrease in cell volume.
Recall Equation 3.6 from Chapter 3: Yw = Ys + Yp. The
change in cell water potential results simply from changes
in solute potential (Ys), the osmotic component of Yw.

Osmotic adjustment is a net increase in solute content
per cell that is independent of the volume changes that
result from loss of water. The decrease in Ys is typically
limited to about 0.2 to 0.8 MPa, except in plants adapted to
extremely dry conditions. Most of the adjustment can usu-
ally be accounted for by increases in concentration of a
variety of common solutes, including sugars, organic acids,
amino acids, and inorganic ions (especially K+).

Cytosolic enzymes of plant cells can be severely inhib-
ited by high concentrations of ions. The accumulation of
ions during osmotic adjustment appears to be restricted to
the vacuoles, where the ions are kept out of contact with
enzymes in the cytosol or subcellular organelles. Because
of this compartmentation of ions, other solutes must accu-
mulate in the cytoplasm to maintain water potential equi-
librium within the cell.

These other solutes, called compatible solutes (or com-
patible osmolytes), are organic compounds that do not
interfere with enzyme functions. Commonly accumulated
compatible solutes include the amino acid proline, sugar
alcohols (e.g., sorbitol and mannitol), and a quaternary
amine called glycine betaine. Synthesis of compatible
solutes helps plants adjust to increased salinity in the root-
ing zone, as discussed later in this chapter.

Osmotic adjustment develops slowly in response to tis-
sue dehydration. Over a time course of several days, other
changes (such as growth or photosynthesis) are also taking
place. Thus it can be argued that osmotic adjustment is not
an independent and direct response to water deficit, but a
result of another factor, such as decreased growth rate.
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FIGURE 25.4 Effects of water stress on photosynthesis and
leaf expansion of sunflower (Helianthus annuus). This
species is typical of many plants in which leaf expansion is
very sensitive to water stress, and it is completely inhibited
under mild stress levels that hardly affect photosynthetic
rates. (After Boyer 1970.)

50

40

30

35

30

20

25

–1.5 –2.0 –2.5
Leaf water potential (MPa)

Ph
o

to
sy

n
th

es
is

 r
at

e
(µ

m
o

l 14
C

O
2 

m
–2

 s
–1

)

Tran
slo

catio
n

 rate
(p

ercen
t 14C

 rem
o

ved
 p

er h
o

u
r)

Translocation is maintained 
until stress is severe.

Photosynthesis starts to 
decline at mild stress.

FIGURE 25.5 Relative effects of water stress on photosyn-
thesis and translocation in sorghum (Sorghum bicolor).
Plants were exposed to 14CO2 for a short time interval. The
radioactivity fixed in the leaf was taken as a measure of
photosynthesis, and the loss of radioactivity after removal
of the 14CO2 source was taken as a measure of the rate of
assimilate translocation. Photosynthesis was affected by
mild stress, whereas, translocation was unaffected until
stress was severe. (After Sung and Krieg 1979.)



Nonetheless, leaves that are capable of osmotic adjustment
clearly can maintain turgor at lower water potentials than
nonadjusted leaves. Maintaining turgor enables the con-
tinuation of cell elongation and facilitates higher stomatal
conductances at lower water potentials. This suggests that
osmotic adjustment is an acclimation that enhances dehy-
dration tolerance.

How much extra water can be acquired by the plant
because of osmotic adjustment in the leaf cells? Most of the
extractable soil water is held in spaces (filled with water
and air) from which it is readily removed by roots (see
Chapter 4). As the soil dries, this water is used first, leav-
ing behind the small amount of water that is held more
tightly in small pores. 

Osmotic adjustment enables the plant to extract more of
this tightly held water, but the increase in total available
water is small. Thus the cost of osmotic adjustment in the
leaf is offset by rapidly diminishing returns in terms of water
availability to the plant, as can be seen by a comparison of
the water relations of adjusting and nonadjusting species
(Figure 25.6). These results show that osmotic adjustment
promotes dehydration tolerance but does not have a major
effect on productivity (McCree and Richardson 1987).

Osmotic adjustment also occurs in roots, although the
process in roots has not been studied so extensively as in
leaves. The absolute magnitude of the adjustment is less in
roots than in leaves, but as a percentage of the original tis-

sue solute potential (Ys), it can be larger in roots than in
leaves. As with leaves, these changes may in many cases
increase water extraction from the previously explored soil
only slightly. However, osmotic adjustment can occur in
the root meristems, enhancing turgor and maintaining root
growth. This is an important component of the changes in
root growth patterns as water is depleted from the soil.

Does osmotic adjustment increase plant productivity?
Researchers have engineered the accumulation of osmo-
protective solutes by conventional plant breeding, by phys-
iological methods (inducing adjustment with controlled
water deficits), and through the use of transgenic plants
expressing genes for solute synthesis and accumulation.
However, the engineered plants grow more slowly, and
they are only slightly more tolerant to osmotic stresses.
Thus the use of osmotic adjustment to improve agricultural
performance is yet to be perfected.

Water Deficit Increases Resistance to Liquid-Phase
Water Flow
When a soil dries, its resistance to the flow of water
increases very sharply, particularly near the permanent wilt-
ing point. Recall from Chapter 4 that at the permanent wilt-
ing point (usually about –1.5 MPa), plants cannot regain
turgor pressure even if all transpiration stops (for more
details on the relationship between soil hydraulic conduc-
tivity and soil water potential, see Figure 4.2.A in Web
Topic 4.2). Because of the very large soil resistance to water
flow, water delivery to the roots at the permanent wilting
point is too slow to allow the overnight rehydration of
plants that have wilted during the day.

Rehydration is further hindered by the resistance within
the plant, which has been found to be larger than the resis-
tance within the soil over a wide range of water deficits
(Blizzard and Boyer 1980). Several factors may contribute
to the increased plant resistance to water flow during dry-
ing. As plant cells lose water, they shrink. When roots
shrink, the root surface can move away from the soil par-
ticles that hold the water, and the delicate root hairs may
be damaged. In addition, as root extension slows during
soil drying, the outer layer of the root cortex (the hypoder-
mis) often becomes more extensively covered with suberin,
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FIGURE 25.6 Water loss and carbon gain by sugar beet (Beta
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but does not have a major effect on productivity. (After
McCree and Richardson 1987.)



a water-impermeable lipid (see Figure 4.4), increasing the
resistance to water flow.

Another important factor that increases resistance to
water flow is cavitation, or the breakage of water columns
under tension within the xylem. As we saw in Chapter 4,
transpiration from leaves “pulls” water through the plant
by creating a tension on the water column. The cohesive
forces that are required to support large tensions are pre-
sent only in very narrow columns in which the water
adheres to the walls.

Cavitation begins in most plants at moderate water
potentials (–1 to –2 MPa), and the largest vessels cavitate
first. For example, in trees such as oak (Quercus), the large-
diameter vessels that are laid down in the spring function
as a low-resistance pathway early in the growing season,
when ample water is available. As the soil dries out during
the summer, these large vessels cease functioning, leaving
the small-diameter vessels produced during the stress
period to carry the transpiration stream. This shift has long-
lasting consequences: Even if water becomes available, the
original low-resistance pathway remains nonfunctional,
reducing the efficiency of water flow.

Water Deficit Increases Wax Deposition on the
Leaf Surface
A common developmental response to water stress is the
production of a thicker cuticle that reduces water loss from
the epidermis (cuticular transpiration). Although waxes are
deposited in response to water deficit both on the surface
and within the cuticle inner layer, the inner layer may be
more important in controlling the rate of water loss in ways
that are more complex than by just increasing the amount
of wax present (Jenks et al. in press).

A thicker cuticle also decreases CO2 permeability, but
leaf photosynthesis remains unaffected because the epi-
dermal cells underneath the cuticle are nonphotosynthetic.
Cuticular transpiration, however, accounts for only 5 to
10% of the total leaf transpiration, so it becomes significant
only if stress is extremely severe or if the cuticle has been
damaged (e.g., by wind-driven sand).

Water Deficit Alters Energy Dissipation from
Leaves
Recall from Chapter 9 that evaporative heat loss lowers leaf
temperature. This cooling effect can be remarkable: In
Death Valley, California—one of the hottest places in the
world—leaf temperatures of plants with access to ample
water were measured to be 8°C below air temperatures. In
warm, dry climates, an experienced farmer can decide
whether plants need water simply by touching the leaves
because a rapidly transpiring leaf is distinctly cool to the
touch. When water stress limits transpiration, the leaf heats
up unless another process offsets the lack of cooling.
Because of these effects of transpiration on leaf tempera-
ture, water stress and heat stress are closely interrelated
(see the discussion of heat stress later in this chapter).

Maintaining a leaf temperature that is much lower than
the air temperature requires evaporation of vast quantities
of water. This is why adaptations that cool leaves by means
other than evaporation (e.g., changes in leaf size and leaf
orientation) are very effective in conserving water. When
transpiration decreases and leaf temperature becomes
warmer than the air temperature, some of the extra energy
in the leaf is dissipated as sensible heat loss (see Chapter
9). Many arid-zone plants have very small leaves, which
minimize the resistance of the boundary layer to the trans-
fer of heat from the leaf to the air (see Figure 9.14).

Because of their low boundary layer resistance, small
leaves tend to remain close to air temperature even when
transpiration is greatly slowed. In contrast, large leaves have
higher boundary layer resistance and dissipate less thermal
energy (per unit leaf area) by direct transfer of heat to the air.

In larger leaves, leaf movement can provide additional
protection against heating during water stress. Leaves that
orient themselves away from the sun are called parahe-
liotropic; leaves that gain energy by orienting themselves nor-
mal (perpendicular) to the sunlight are referred to as diahe-
liotropic (see Chapter 9). Figure 25.7 shows the strong effect
of water stress on leaf position in soybean. Other factors that
can alter the interception of radiation include wilting, which
changes the angle of the leaf, and leaf rolling in grasses,
which minimizes the profile of tissue exposed to the sun.

Absorption of energy can also be decreased by hairs on
the leaf surface or by layers of reflective wax outside the
cuticle. Leaves of some plants have a gray-white appear-
ance because densely packed hairs reflect a large amount
of light. This hairiness, or pubescence, keeps leaves cooler
by reflecting radiation, but it also reflects the visible wave-
lengths that are active in photosynthesis and thus it
decreases carbon assimilation. Because of this problem,
attempts to breed pubescence into crops to improve their
water-use efficiency have been generally unsuccessful.

Osmotic Stress Induces Crassulacean Acid
Metabolism in Some Plants
Crassulacean acid metabolism (CAM) is a plant adaptation
in which stomata open at night and close during the day
(see Chapters 8 and 9). The leaf-to-air vapor pressure dif-
ference that drives transpiration is much reduced at night,
when both leaf and air are cool. As a result, the water-use
efficiencies of CAM plants are among the highest mea-
sured. A CAM plant may gain 1 g of dry matter for only
125 g of water used—a ratio that is three to five times
greater than the ratio for a typical C3 plant (see Chapter 4).

CAM is very prevalent in succulent plants such as cacti.
Some succulent species display facultative CAM, switch-
ing to CAM when subjected to water deficits or saline con-
ditions (see Chapter 8). This switch in metabolism is a
remarkable adaptation to stress, involving accumulation of
the enzymes phosphoenolpyruvate (PEP) carboxylase (Fig-
ure 25.8), pyruvate–orthophosphate dikinase, and NADP
malic enzyme, among others.

598 Chapter 25



As discussed in Chapters 8 and 9, CAM metabolism
involves many structural, physiological, and biochemical
features, including changes in carboxylation and decar-
boxylation patterns, transport of large quantities of malate
into and out of the vacuoles, and reversal of the periodic-
ity of stomatal movements. Thus, CAM induction is a
remarkable adaptation to water deficit that occurs at many
levels of organization.

Osmotic Stress Changes Gene Expression
As noted earlier, the accumulation of compatible solutes in
response to osmotic stress requires the activation of the
metabolic pathways that biosynthesize these solutes. Sev-
eral genes coding for enzymes associated with osmotic
adjustment are turned on (up-regulated) by osmotic stress
and/or salinity, and cold stress. These genes encode
enzymes such as the following (Buchanan et al. 2000):

• ∆′1-Pyrroline-5-carboxylate synthase, a key enzyme in
the proline biosynthetic pathway

• Betaine aldehyde dehydrogenase, an enzyme
involved in glycine betaine accumulation

• myo-Inositol 6-O-methyltransferase, a rate-limiting
enzyme in the accumulation of the cyclic sugar alco-
hol called pinitol

Several other genes that encode well-known enzymes
are induced by osmotic stress. The expression of glycer-
aldehyde-3-phosphate dehydrogenase increases during
osmotic stress, perhaps to allow an increase of carbon flow
into organic solutes for osmotic adjustment. Enzymes
involved in lignin biosynthesis are also controlled by
osmotic stress.

Reduction in the activities of key enzymes also takes
place. The accumulation of the sugar alcohol mannitol in
response to osmotic stress appears not to be brought about
by the up-regulation of genes producing enzymes involved
in mannitol biosynthesis, but rather by the down-regula-
tion of genes associated with sucrose production and man-
nitol degradation. In this way mannitol accumulation is
enhanced during episodes of osmotic stress.

Other genes regulated by osmotic stress encode proteins
associated with membrane transport, including ATPases
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(A)  Well-watered

(B)  Mild water stress

(C)  Severe water stress

FIGURE 25.7 Orientation of leaflets of field-grown soybean
(Glycine max) plants in the normal, unstressed, position (A);
during mild water stress (B); and during severe water stress
(C). The large leaf movements induced by mild stress are
quite different from wilting, which occurs during severe
stress. Note that during mild stress (B), the terminal leaflet
has been raised, whereas the two lateral leaflets have been
lowered; each is almost vertical. (Courtesy of D. M.
Oosterhuis.)

1 2 3 4 5 6
Days after salt stress

Increasing PEP
carboxylase
protein

FIGURE 25.8 Increases in the content of phosphoenolpyru-
vate (PEP) carboxylase in ice plant, Mesembryanthemum
crystallinum, during the salt-induced shift from C3 metabo-
lism to CAM. Salt stress was induced by the addition of 500
mM NaCl to the irrigation water. The PEP carboxylase pro-
tein was revealed in the gels by the use of antibodies and a
stain. (After Bohnert et al. 1989.)



(Niu et al. 1995) and the water channel proteins, aquaporins
(see Chapter 3) (Maggio and Joly 1995). Several protease
genes are also induced by stress, and these enzymes may
degrade (remove and recycle) other proteins that are dena-

tured by stress episodes. The protein ubiquitin tags proteins
that are targeted for proteolytic degradation. Synthesis of
the mRNA for ubiquitin increases in Arabidopsis upon des-
iccation stress. In addition, some heat shock proteins are
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Table 25.2
The five groups of late embryogenesis abundant (LEA) proteins found in plants

Group Structural characteristics Functional information/
(family name)a Protein(s) in the group and motifs proposed function

Group 1 Cotton D-19 Conformation is predominantly Contains more water of hydration 
(D-19 family) Wheat Em random coil with some  than typical globular proteins

(early methionine- predicted short α helices Overexpression confers
labeled protein) Charged amino acids and glycine water deficit tolerance on 

Sunflower Ha ds10 are abundant yeast cells
Barley B19

Group 2 Maize DHN1, M3, RAB17 Variable structure includes α Often localized to the cytoplasm 
(D-11 family) Cotton D-11 helix–forming lysine-rich regions or nucleus
(also referred to Arabidopsis pRABAT1, The consensus sequence for group More acidic members of the family
as dehydrins) ERD10, ERD14 2 dehydrins is EKKGIMDKIKELPG are associated with the plasma

Craterostigma pcC 27-04, The number of times this consensus membrane
pcC 6-19 repeats per protein varies May act to stabilize macromole-

Tomato pLE4, TAS14 Often contains a poly(serine) region cules at low water potential
Barley B8, B9, B17 Often contains regions of variable 
Rice pRAB16A length rich in polar residues 
Carrot pcEP40 and either Gly or Ala., and Pro

Group 3 Barley HVA1 Eleven amino-acid consensus Transgenic plants expressing HVA1 
(D-7 family) (ABA-induced) sequence motif TAQAAKEKAXE is demonstrate enhanced water 

Cotton D-7 repeated in the protein deficit stress tolerance
Wheat pMA2005, Contains apparent amphipathic D-7 is an abundant protein in 

pMA1949 α helices cotton embryos (estimated 
Craterostigma Dimeric protein concentration 0.25 mM)

pcC3-06 Each putative dimer of D-7 
may bind as many as ten 
inorganic phosphates and 
their counterions

Group 4 Soybean D-95 Slightly hydrophobic In tomato, a gene encoding a 
(D-95 family) Craterostigma pcC27-45 N-terminal region is predicted similar protein is expressed 

to form amphipathic α helices in response to nematode feeding

Group 5 Tomato LE25 Family members share sequence Binds to membranes and/or 
(D-113 family) Sunflower Hads11 homology at the conserved proteins to maintain structure 

Cotton D-113 N terminus during stress
N-terminal region is predicted Possibly functions in ion 

to form α helices sequestration to protect 
C-terminal domain is predicted cytosolic metabolism

to be a random coil of variable When LE25 is expressed in 
length and sequence yeast, it confers salt and 

Ala, Gly, and Thr are abundant freezing tolerance
in the sequence D-113 is abundant in 

cottonseeds (up to 0.3 mM)

aThe protein family names are derived from the cotton seed proteins that are most similar to the family.
Source: After Bray et al. 2000.



osmotically induced and may protect or renature proteins
inactivated by desiccation.

The sensitivity of cell expansion to osmotic stress (see
Figure 25.1) has stimulated studies of various genes that
encode proteins involved in the structural composition and
integrity of cell walls. Genes coding for enzymes such as S-
adenosylmethionine synthase and peroxidases, which may
be involved in lignin biosynthesis, have been shown to be
controlled by stress.

A large group of genes that are regulated by osmotic
stress was discovered by examination of naturally desic-
cating embryos during seed maturation. These genes code
for so-called LEA proteins (named for late embryogenesis
abundant), and they are suspected to play a role in cellular
membrane protection. Although the function of LEA pro-
teins is not well understood (Table 25.2), they accumulate
in vegetative tissues during episodes of osmotic stress. The
proteins encoded by these genes are typically hydrophilic
and strongly bind water. Their protective role might be
associated with an ability to retain water and to prevent
crystallization of important cellular proteins and other mol-
ecules during desiccation. They might also contribute to
membrane stabilization.

More recently, microarray techniques have been used to
examine the expression of whole genomes of some plants
in response to stress. Such studies have revealed that large
numbers of genes display changes in expression after
plants are exposed to stress. Stress-controlled genes reflect
up to 10% of the total number of rice genes examined
(Kawasaki et al. 2001)

Osmotic stress typically leads to the accumulation of
ABA (see Chapter 23), so it is not surprising that products
of ABA-responsive genes accumulate during osmotic
stresses. Studies of ABA-insensitive and ABA-deficient
mutants have shown that numerous genes that are induced
by osmotic stress are in fact induced by the ABA accumu-
lated during the stress episode. However, not all genes that
are up-regulated by osmotic stresses are ABA regulated. As
discussed in the next section, other mechanisms for regu-
lating gene expression of osmotic stress–regulated genes
have been uncovered.

Stress-Responsive Genes Are Regulated by ABA-
Dependent and ABA-Independent Processes
Gene transcription is controlled through the interaction of
regulatory proteins (transcription factors) with specific reg-
ulatory sequences in the promoters of the genes they reg-
ulate (Chapter 14 on the web site discusses these processes
in detail). Different genes that are induced by the same sig-
nal (desiccation or salinity, for example) are controlled by
a signaling pathway leading to the activation of these spe-
cific transcription factors.

Studies of the promoters of several stress-induced genes
have led to the identification of specific regulatory sequences
for genes involved in different stresses. For example, the
RD29 gene contains DNA sequences that can be activated by

osmotic stress, by cold, and by ABA (Yamaguchi-Shinozaki
and Shinozaki 1994; Stockinger et al. 1997).

The promoters of ABA-regulated genes contain a six-
nucleotide sequence element referred to as the ABA
response element (ABRE), which probably binds tran-
scriptional factors involved in ABA-regulated gene activa-
tion (see Chapter 23). The promoters of these genes, which
are regulated by osmotic stress in an ABA-dependent man-
ner, contain an alternative nine-nucleotide regulatory
sequence element, the dehydration response element
(DRE) which is recognized by an alternative set of proteins
regulating transcription. Thus the genes that are regulated
by osmotic stresses appear to be regulated either by signal
transduction pathways mediated by the action of ABA
(ABA-dependent genes), or by an ABA-independent,
osmotic stress–responsive signal transduction pathway.

At least two signaling pathways have been implicated
in the regulation of gene expression in an ABA-indepen-
dent manner (Figure 25.9). Transacting transcription factors
(called DREB1 and DREB2) that bind to the DRE elements
in the promoters of osmotic stress–responsive genes are
apparently activated by an ABA-independent signaling
cascade. Other ABA-independent, osmotic stress–respon-
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Osmotic stress

Osmotic stress
signal receptor

bZIP
transcription
factor

Protein
synthesis
(MYC/MYB)

MAP kinase
cascade

DREB/CBF

Altered gene expression Altered gene expression

Osmotic stress tolerance

ABA ABA independent

FIGURE 25.9 Signal transduction pathways for osmotic
stress in plant cells. Osmotic stress is perceived by an as yet
unknown receptor in the plasma membrane activating
ABA-independent and an ABA-dependent signal transduc-
tion pathways. Protein synthesis participates in one of the
ABA-dependent pathways involving MYC/MYB.  The
bZIP ABA-dependent pathway involves recognition of
ABA-responsive elements in gene promoters. Two ABA-
independent pathways, one involving the MAP kinase sig-
naling cascade and the other involving DREBP/CBF-
related transcription factors have also been demonstrated.
(After Shinozaki and Yamaguchi-Shinozaki, 2000.)



sive genes appear to be directly controlled by the so-called
MAP kinase signaling cascade of protein kinases (discussed
in detail in Chapter 14 on the web site). Other changes in
gene expression appear to be mediated via other mecha-
nisms not involving DREBs.

This complexity and “cross-talk” found in signaling cas-
cades, exemplified here by both ABA-dependent and ABA-
independent pathways, is typical of eukaryotic signaling.
Such complexity reflects the wealth of interaction between
gene expression and the physiological processes mediating
adaptation to osmotic stress.

HEAT STRESS AND HEAT SHOCK
Most tissues of higher plants are unable to survive
extended exposure to temperatures above 45°C. Non-
growing cells or dehydrated tissues (e.g., seeds and pollen)
can survive much higher temperatures than hydrated, veg-
etative, growing cells (Table 25.3). Actively growing tissues
rarely survive temperatures above 45°C, but dry seeds can
endure 120°C, and pollen grains of some species can
endure 70°C. In general, only single-celled eukaryotes can
complete their life cycle at temperatures above 50°C, and
only prokaryotes can divide and grow above 60°C.

Periodic brief exposure to sublethal heat stresses often
induces tolerance to otherwise lethal temperatures, a phe-
nomenon referred to as induced thermotolerance. The
mechanisms mediating induced thermotolerance will be
discussed later in the chapter. As mentioned earlier, water
and temperature stress are interrelated; shoots of most C3

and C4 plants with access to abundant water supply are
maintained below 45°C by evaporative cooling; if water
becomes limiting, evaporative cooling decreases and tissue
temperatures increase. Emerging seedlings in moist soil
may constitute an exception to this general rule. These
seedlings may be exposed to greater heat stress than those
in drier soils because wet, bare soil is typically darker and
absorbs more solar radiation than drier soil.

High Leaf Temperature and 
Water Deficit Lead to Heat Stress
Many CAM, succulent higher plants, such as Opuntia and
Sempervivum, are adapted to high temperatures and can tol-
erate tissue temperatures of 60 to 65°C under conditions of
intense solar radiation in summer (see Table 25.3). Because
CAM plants keep their stomata closed during the day, they
cannot cool by transpiration. Instead, they dissipate the
heat from incident solar radiation by re-emission of long-
wave (infrared) radiation and loss of heat by conduction
and convection (see Chapter 9).

On the other hand, typical, nonirrigated C3 and C4
plants rely on transpirational cooling to lower leaf tem-
perature. In these plants, leaf temperature can readily rise
4 to 5°C above ambient air temperature in bright sunlight
near midday, when soil water deficit causes partial stom-
atal closure or when high relative humidity reduces the
potential for evaporative cooling. The physiological con-
sequences of these increases in tissue temperature are dis-
cussed in the next section.

Increases in leaf temperature during the day can be pro-
nounced in plants from arid and semiarid regions experi-
encing drought and high irradiance from sunshine. Heat
stress is also a potential danger in greenhouses, where low
air speed and high humidity decrease the rate of leaf cool-
ing. A moderate degree of heat stress slows growth of the
whole plant. Some irrigated crops, such as cotton, use tran-
spirational cooling to dissipate heat. In irrigated cotton,
enhanced transpirational cooling is associated with higher
agronomic yields (see Web Topic 25.1).

At High Temperatures, Photosynthesis 
Is Inhibited before Respiration
Both photosynthesis and respiration are inhibited at high
temperatures, but as temperature increases, photosynthetic
rates drop before respiratory rates (Figure 25.10A and B).
The temperature at which the amount of CO2 fixed by pho-
tosynthesis, equals the amount of CO2 released by respira-
tion, in a given time interval is called the temperature com-
pensation point.

At temperatures above the temperature compensation
point, photosynthesis cannot replace the carbon used as a
substrate for respiration. As a result, carbohydrate reserves
decline, and fruits and vegetables lose sweetness. This imbal-
ance between photosynthesis and respiration is one of the
main reasons for the deleterious effects of high temperatures.
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TABLE 25.3
Heat-killing temperatures for plants

Heat-killing
temperature Time of

Plant (C°) exposure

Nicotiana rustica (wild tobacco) 49–51 10 min
Cucurbita pepo (squash) 49–51 10 min
Zea mays (corn) 49–51 10 min
Brassica napus (rape) 49–51 10 min
Citrus aurantium (sour orange) 50.5 15–30 min
Opuntia (cactus) >65 —
Sempervivum arachnoideum 57–61 —

(succulent)
Potato leaves 42.5 1 hour
Pine and spruce seedlings 54–55 5 min
Medicago seeds (alfalfa) 120 30 min
Grape (ripe fruit) 63 —
Tomato fruit 45 —
Red pine pollen 70 1 hour
Various mosses

Hydrated 42–51 —
Dehydrated 85–110 —

Source: After Table 11.2 in Levitt 1980.



In the same plant the temperature compensation point is
usually lower for shade leaves than for sun leaves that are
exposed to light (and heat). Enhanced respiration rates rela-
tive to photosynthesis at high temperatures are more detri-
mental in C3 plants than in C4 or CAM plants because the
rates of both dark respiration and photorespiration are
increased in C3 plants at higher temperatures (see Chapter 8).

Plants Adapted to Cool Temperatures Acclimate
Poorly to High Temperatures
The extent to which plants that are genetically adapted to
a given temperature range can acclimate to a contrasting
temperature range is illustrated by a comparison of the
responses of two C4 species: Atriplex sabulosa (frosted
orache, family Chenopodiaceae) and Tidestromia oblongifo-
lia (Arizona honeysweet, family Amaranthaceae).

A. sabulosa is native to the cool climate of coastal north-
ern California, and T. oblongifolia is native to the very hot
climate of Death Valley, California, where it grows in a tem-
perature regime that is lethal for most plant species. When
these species were grown in a controlled environment and
their growth rates were recorded as a function of tempera-
ture, T. oblongifolia barely grew at 16°C, while A. sabulosa
was at 75% of its maximum growth rate. By contrast, the
growth rate of A. sabulosa began to decline between 25 and
30°C, and growth ceased at 45°C, the temperature at which
T. oblongifolia growth showed a maximum (see Figure
25.10A) (Björkman et al. 1980). Clearly, neither species
could acclimate to the temperature range of the other.

High Temperature Reduces Membrane Stability
The stability of various cellular membranes is important
during high-temperature stress, just as it is during chilling

and freezing. Excessive fluidity of membrane lipids at high
temperatures is correlated with loss of physiological func-
tion. In oleander (Nerium oleander), acclimation to high tem-
peratures is associated with a greater degree of saturation
of fatty acids in membrane lipids, which makes the mem-
branes less fluid (Raison et al. 1982).

At high temperatures there is a decrease in the strength
of hydrogen bonds and electrostatic interactions between
polar groups of proteins within the aqueous phase of the
membrane. High temperatures thus modify membrane
composition and structure and can cause leakage of ions
(see Figure 25.10C). Membrane disruption also causes the
inhibition of processes such as photosynthesis and respi-
ration that depend on the activity of membrane-associated
electron carriers and enzymes.

Photosynthesis is especially sensitive to high tempera-
ture (see Chapter 9). In their study of Atriplex and Tidestro-
mia, O. Björkman and colleagues (1980) found that electron
transport in photosystem II was more sensitive to high
temperature in the cold-adapted A. sabulosa than in the
heat-adapted T. oblongifolia. In these plants the enzymes
ribulose-1,5-bisphosphate carboxylase, NADP:glyceralde-
hyde-3-phosphate dehydrogenase, and phosphoenolpyru-
vate carboxylase were less stable at high temperatures in
A. sabulosa than in T. oblongifolia.

However, the temperatures at which these enzymes
began to denature and lose activity were distinctly higher
than the temperatures at which photosynthesis began to
decline. These results suggest that early stages of heat
injury to photosynthesis are more directly related to
changes in membrane properties and to uncoupling of the
energy transfer mechanisms in chloroplasts than to a gen-
eral denaturation of proteins.

Several Adaptations Protect Leaves against
Excessive Heating
In environments with intense solar radiation and high tem-
peratures, plants avoid excessive heating of their leaves by
decreasing their absorption of solar radiation. This adap-
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FIGURE 25.10 Response of frosted orache (Atriplex sabulosa) and
Arizona honeysweet (Tidestromia oblongifolia) to heat stress.
Photosynthesis (A) and respiration (B) were measured on
attached leaves, and ion leakage (C) was measured in leaf slices
submerged in water. At the beginning of the experiment, control
rates were measured at a noninjurious 30°C. Attached leaves
were then exposed to the indicated temperatures for 15 minutes
and returned to the initial control conditions before the rates were
recorded. Arrows indicate the temperature thresholds for inhibi-
tion of photosynthesis in each of the two species. Photosynthesis,
respiration, and membrane permeability were all more sensitive
to heat damage in A. sabulosa than in T. oblongifolia. In both
species, however, photosynthesis was more sensitive to heat
stress than either of the other two processes, and photosynthesis
was completely inhibited at temperatures that were noninjurious
to respiration. (From Björkman et al. 1980.)



tation is important in warm, sunny environments in which
a transpiring leaf is near its upper limit of temperature tol-
erance. In these conditions, any further warming arising
from decreased evaporation of water or increased energy
absorption can damage the leaf.

Both drought resistance and heat resistance depend on
the same adaptations: reflective leaf hairs and leaf waxes;
leaf rolling and vertical leaf orientation; and growth of
small, highly dissected leaves to minimize the boundary
layer thickness and thus maximize convective and con-
ductive heat loss (see Chapters 4 and 9). Some desert
shrubs—for example, white brittlebush (Encelia farinosa,
family Compositae)—have dimorphic leaves to avoid
excessive heating: Green, nearly hairless leaves found in
the winter are replaced by white, pubescent leaves in the
summer.

At Higher Temperatures, Plants Produce Heat
Shock Proteins
In response to sudden, 5 to 10°C rises in temperature,
plants produce a unique set of proteins referred to as heat
shock proteins (HSPs). Most HSPs function to help cells
withstand heat stress by acting as molecular chaperones.
Heat stress causes many cell proteins that function as
enzymes or structural components to become unfolded or
misfolded, thereby leading to loss of proper enzyme struc-
ture and activity. 

Such misfolded proteins often aggregate and precipitate,
creating serious problems within the cell. HSPs act as mol-
ecular chaperones and serve to attain a proper folding of
misfolded, aggregated proteins and to prevent misfolding
of proteins. This facilitates proper cell functioning at ele-
vated, stressful temperatures.

Heat shock proteins were discovered in the fruit fly
(Drosophila melanogaster) and have since been identified in
other animals, and in humans, as well as in plants, fungi,
and microorganisms. For example, when soybean
seedlings are suddenly shifted from 25 to 40°C (just below
the lethal temperature), synthesis of the set of mRNAs and
proteins commonly found in the cell is suppressed, while
transcription and translation of a set of 30 to 50 other pro-

teins (HSPs) is enhanced. New mRNA transcripts for HSPs
can be detected 3 to 5 minutes after heat shock (Sachs and
Ho 1986).

Although plant HSPs were first identified in response to
sudden changes in temperature (25 to 40°C) that rarely
occur in nature, HSPs are also induced by more gradual
rises in temperature that are representative of the natural
environment, and they occur in plants under field condi-
tions. Some HSPs are found in normal, unstressed cells,
and some essential cellular proteins are homologous to
HSPs but do not increase in response to thermal stress
(Vierling 1991).

Plants and most other organisms make HSPs of differ-
ent sizes in response to temperature increases (Table 25.4).
The molecular masses of the HSPs range from 15 to 104
kDa (kilodaltons), and they can be grouped into five classes
based on size. Different HSPs are localized to the nucleus,
mitochondria, chloroplasts, endoplasmic reticulum, and
cytosol. Members of the HSP60, HSP70, HSP90, and
HSP100 groups act as molecular chaperones, involving
ATP-dependent stabilization and folding of proteins, and
the assembly of oligomeric proteins. Some HSPs assist in
polypeptide transport across membranes into cellular com-
partments. HSP90s are associated with hormone receptors
in animal cells and may be required for their activation, but
there is no comparable information for plants.

Low-molecular-weight (15–30 kDa) HSPs are more
abundant in higher plants than in other organisms.
Whereas plants contain five to six classes of low-molecu-
lar-weight HSPs, other eukaryotes show only one class
(Buchanan et al. 2000). The different classes of 15–30 kDa
molecular-weight HSPs (smHSPs) in plants are distributed
in the cytosol, chloroplasts, ER and mitochondria. The
function of these small HSPs is not understood.

Cells that have been induced to synthesize HSPs show
improved thermal tolerance and can tolerate exposure to
temperatures that are otherwise lethal. Some of the HSPs
are not unique to high-temperature stress. They are also
induced by widely different environmental stresses or con-
ditions, including water deficit, ABA treatment, wounding,
low temperature, and salinity. Thus, cells previously
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TABLE 25.4
The five classes of heat shock proteins found in plants

HSP class Size  (kDa) Examples (Arabidopsis / prokaryotic) Cellular location

HSP100 100–114 AtHSP101 / ClpB, ClpA/C Cytosol, mitochondria, chloroplasts

HSP90 80–94 AtHSP90 / HtpG Cytosol, endoplasmic reticulum

HSP70 69–71 AtHSP70 / DnaK Cytosol/nucleus, mitochondria, chloroplasts

HSP60 57–60 AtTCP-1 / GroEL, GroES Mitochondria, chloroplasts

smHSP 15–30 Various AtHSP22, AtHSP20, AtHSP18.2, Cytosol, mitochondria, chloroplasts,
AtHSP17.6 / IBPA/B endoplasmic reticulum

Source: After Boston et al. 1996.



exposed to one stress may gain cross-protection against
another stress. Such is the case with tomato fruits, in which
heat shock (48 hours at 38°C) has been observed to pro-
mote HSP accumulation and to protect cells for 21 days
from chilling at 2°C.

A Transcription Factor Mediates HSP
Accumulation in Response to Heat Shock
All cells seem to contain molecular chaperones that are
constitutively expressed and function like HSPs. These
chaperones are called heat shock cognate proteins. How-
ever, when cells are subjected to a stressful, but nonlethal
heat episode, the synthesis of HSPs dramatically increases
while the continuing translation of other proteins is dra-
matically lowered or ceases. This heat shock response
appears to be mediated by a specific transcription factor
(HSF) that acts on the transcription of HSP mRNAs.

In the absence of heat stress, HSF exists as monomers
that are incapable of binding to DNA and directing tran-
scription (Figure 25.11). Stress causes HSF monomers to
associate into trimers that are then able to bind to specific
sequence elements in DNA referred to as heat shock ele-

ments (HSEs). Once bound to the HSE, the trimeric HSF is
phosphorylated and promotes the transcription of HSP
mRNAs. HSP70 subsequently binds to HSF, leading to the
dissociation of the HSF/HSE complex, and the HSF is sub-
sequently recycled to the monomeric HSF form. Thus, by
the action of HSF, HSPs accumulate until they become
abundant enough to bind to HSF, leading to the cessation
of HSP mRNA production.

HSPs Mediate Thermotolerance
Conditions that induce thermal tolerance in plants closely
match those that induce the accumulation of HSPs, but that
correlation alone does not prove that HSPs play an essential
role in acclimation to heat stress. More conclusive experi-
ments show that expression of an activated HSF induces
constitutive synthesis of HSPs and increases the thermotol-
erance of Arabidopsis. Studies with Arabidopsis plants con-
taining an antisense DNA sequence that reduces HSP70 syn-
thesis showed that the high-temperature extreme at which
the plants could survive was reduced by 2°C compared with
controls, although the mutant plants grew normally at opti-
mum temperatures (Lee and Schoeffl 1996).
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FIGURE 25.11 The heat shock factor (HSF) cycle activates
the synthesis of heat shock protein mRNAs. In nonstressed
cells, HSF normally exists in a monomeric state (1) associ-
ated with HSP70 proteins. Upon the onset of an episode of
heat stress, HSP70 dissociates from HSF which subse-
quently trimerizes (2). Active trimers bind to heat shock
elements (HSE) in the promoter of heat shock protein (HSP)
genes (3), and activate the transcription of HSP mRNAs

leading to the translation of HSPs among which are HSP70
(4). The HSF trimers associated with the HSE are phospho-
rylated (5) facilitating the binding of HSP70 to the phos-
phorylated trimers (6). The HSP70 trimer complex (7) disso-
ciates from the HSE and disassembles and dephosphory-
lates into HSF monomers (8), which subsequently bind HSP
reforming the resting HSP70/HSF complex. (After Bray et
al. 2000.)
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Presumably failure to synthesize the entire range of
HSPs that are usually induced in the plant would lead to a
much more dramatic loss of thermotolerance. Other stud-
ies with both Arabidopsis mutants (Hong and Vierling 2000)
and transgenic plants (Queitsch et al. 2000) demonstrate
that at least HSP101 is a critical component of both induced
and constitutive thermotolerance in plants.

Adaptation to Heat Stress Is Mediated 
by Cytosolic Calcium
Enzymes participating in metabolic pathways can have dif-
ferent temperature responses, and such differential ther-
mostability may affect specific steps in metabolism before
HSPs can restore activity by their molecular chaperone
capacity. Heat stress can therefore cause changes in metab-
olism leading to the accumulation of some metabolites and
the reduction of others. Such changes can dramatically alter
the function of metabolic pathways and lead to imbalances
that can be difficult to correct.

In addition, heat stress can alter the rate of metabolic
reactions that consume or produce protons, and it can

affect the activity of proton-pumping ATPases that pump
protons from the cytosol into the apoplast or vacuoles (see
Chapter 6). This might lead to an acidification of the
cytosol, which could cause additional metabolic perturba-
tions during stress. Cells can have metabolic acclimation
mechanisms that ameliorate these effects of heat stress on
metabolism.

One of the metabolic acclimations to heat stress is the
accumulation of the nonprotein amino acid γ-aminobutyric
acid (GABA). During episodes of heat stress, GABA accu-
mulates to levels six- to tenfold higher than in unstressed
plants. GABA is synthesized from the amino acid L-gluta-
mate, in a single reaction catalyzed by the enzyme gluta-
mate decarboxylase (GAD). GAD is one of several enzymes
whose activity is modulated by the calcium-activated, reg-
ulatory protein calmodulin (for details on the mode of action
of calmodulin, see Chapter 14 on the web site).

Calcium-activated calmodulin activates GAD (Figure
25.12) and increases the biosynthesis rate of GABA (Sned-
den et al. 1995). In transgenic plants expressing the cal-
cium-sensing protein aequorin, it has been shown that
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FIGURE 25.12 Heat stress causes a reduction in cytosolic
pH from the normal slightly alkaline value, probably by
inhibiting proton-pumping ATPases and pyrophosphatases
that pump protons across the plasma membrane or into the
vacuole. Additionally, heat stress effects a change in cal-
cium homeostasis inside the cell by affecting the influx of
calcium into the cytosol through either plasma membrane
or vacuolar calcium channels, or by action on efflux

ATPases or proton cotransporters. This increase in cytosolic
calcium leads to the activation of calmodulin (CaM), which
binds to glutamate decarboxylase (GAD) converting it from
the inactive to the active form. Glutamate conversion to γ−
aminobutyric acid (GABA) is then accomplished consum-
ing protons in the process and mediating an increase in
cytosolic pH. CAX1 and CAX2 are transport proteins, ACA:
Ca2+ ATPase. 



high-temperature stress increases cytosolic levels of cal-
cium, and that these increases lead to the calmodulin-medi-
ated activation of GAD and the high-temperature induced
accumulation of GABA.

Although GABA is an important signaling molecule in
mammalian brain tissue, there is no evidence that it func-
tions as a signaling molecule in plants. Possible functions
of GABA in heat stress resistance are under investigation.

CHILLING AND FREEZING
Chilling temperatures are too low for normal growth but
not low enough for ice to form. Typically, tropical and sub-
tropical species are susceptible to chilling injury. Among
crops, maize, Phaseolus bean, rice, tomato, cucumber, sweet
potato, and cotton are chilling sensitive. Passiflora, Coleus,
and Gloxinia are examples of susceptible ornamentals.

When plants growing at relatively warm temperatures
(25 to 35°C) are cooled to 10 to 15°C, chilling injury occurs:
Growth is slowed, discoloration or lesions appear on
leaves, and the foliage looks soggy, as if soaked in water for
a long time. If roots are chilled, the plants may wilt.

Species that are generally sensitive to chilling can show
appreciable variation in their response to chilling temper-
atures. Genetic adaptation to the colder temperatures asso-
ciated with high altitude improves chilling resistance (Fig-
ure 25.13). In addition, resistance often increases if plants
are first hardened (acclimated) by exposure to cool, but
noninjurious, temperatures. Chilling damage thus can be
minimized if exposure is slow and gradual. Sudden expo-
sure to temperatures near 0°C, called cold shock, greatly
increases the chances of injury.

Freezing injury, on the other hand, occurs at tempera-
tures below the freezing point of water. Full induction of
tolerance to freezing, as with chilling, requires a period of
acclimation at cold temperatures.

In the discussion that follows we will examine how
chilling injury alters membrane properties, how ice crys-
tals damage cells and tissues, and how ABA, gene expres-
sion, and protein synthesis mediate acclimation to freezing.

Membrane Properties Change in Response to
Chilling Injury
Leaves from plants injured by chilling show inhibition of
photosynthesis, slower carbohydrate translocation, lower
respiration rates, inhibition of protein synthesis, and
increased degradation of existing proteins. All of these
responses appear to depend on a common primary mecha-
nism involving loss of membrane function during chilling. 

For instance, solutes leak from the leaves of chilling-
sensitive Passiflora maliformis (conch apple) floated on
water at 0°C, but not from those of chilling-resistant Pas-
siflora caerulea (passionflower). Loss of solutes to the water
reflects damage to the plasma membrane and possibly also
to the tonoplast. In turn, inhibition of photosynthesis and
of respiration reflects injury to chloroplast and mitochon-
drial membranes.

Why are membranes affected by chilling? Plant mem-
branes consist of a lipid bilayer interspersed with proteins
and sterols (see Chapters 1 and 11). The physical properties
of the lipids greatly influence the activities of the integral
membrane proteins, including H+-ATPases, carriers, and
channel-forming proteins that regulate the transport of ions
and other solutes (see Chapter 6), as well as the transport
of enzymes on which metabolism depends.

In chilling-sensitive plants, the lipids in the bilayer have
a high percentage of saturated fatty acid chains, and mem-
branes with this composition tend to solidify into a semi-
crystalline state at a temperature well above 0°C. Keep in
mind that saturated fatty acids that have no double bonds
and lipids containing trans-monounsaturated fatty acids
solidify at higher temperatures than do membranes com-
posed of lipids that contain unsaturated fatty acids.

As the membranes become less fluid, their protein com-
ponents can no longer function normally. The result is inhi-
bition of H+-ATPase activity, of solute transport into and
out of cells, of energy transduction (see Chapters 7 and 11),
and of enzyme-dependent metabolism. In addition, chill-
ing-sensitive leaves exposed to high photon fluxes and
chilling temperatures are photoinhibited (see Chapter 7),
causing acute damage to the photosynthetic machinery.

Membrane lipids from chilling-resistant plants often
have a greater proportion of unsaturated fatty acids than
those from chilling-sensitive plants (Table 25.5), and dur-
ing acclimation to cool temperatures the activity of desat-
urase enzymes increases and the proportion of unsaturated
lipids rises (Williams et al. 1988; Palta et al. 1993). This
modification lowers the temperature at which the mem-
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FIGURE 25.13 Survival at low temperature of seedlings of
different populations of tomato collected from different alti-
tudes in South America. Seed was collected from wild
tomato (Lycopersicon hirsutum) and grown in the same
greenhouse at 18 to 25°C. All seedlings were then chilled
for 7 days at 0°C and then kept for 7 days in a warm
growth room, after which the number of survivors was
counted. Seedlings from seed collected from high altitudes
showed greater resistance to chilling (cold shock) than
those from seed collected from lower altitudes. (From
Patterson et al. 1978.)



brane lipids begin a gradual phase change from fluid to
semicrystalline and allows membranes to remain fluid at
lower temperatures. Thus, desaturation of fatty acids pro-
vides some protection against damage from chilling.

The importance of membrane lipids to tolerance of low
temperatures has been demonstrated by work with mutant
and transgenic plants in which the activity of particular
enzymes led to a specific change in membrane lipid com-
position independent of acclimation to low temperature.
For example, Arabidopsis was transformed with a gene from
Escherichia coli that raised the proportion of high-melting-
point (saturated) membrane lipids. This gene greatly
increased the chilling sensitivity of the transformed plants.

Similarly, the fab1 mutants of Arabidopsis have increased
levels of saturated fatty acids, particularly 16:0 (see Table
25.5, and Tables 11.3 and 11.4). During a period of 3 to 4
weeks at chilling temperatures, photosynthesis and growth
were gradually inhibited, and exposure to chilling tem-
perature eventually destroyed the chloroplasts of this
mutant. At nonchilling temperatures, the mutant grew as
well as wild-type controls did (Wu et al. 1997). (For addi-
tional transformation examples, see Web Topic 25.2.)

Ice Crystal Formation and Protoplast 
Dehydration Kill Cells
The ability to tolerate freezing temperatures under natural
conditions varies greatly among tissues. Seeds, other partly
dehydrated tissues, and fungal spores can be kept indefi-
nitely at temperatures near absolute zero (0 K, or –273°C),
indicating that these very low temperatures are not intrin-
sically harmful.

Fully hydrated, vegetative cells can also retain viability
if they are cooled very quickly to avoid the formation of
large, slow-growing ice crystals that would puncture and
destroy subcellular structures. Ice crystals that form dur-
ing very rapid freezing are too small to cause mechanical
damage. Conversely, rapid warming of frozen tissue is
required to prevent the growth of small ice crystals into

crystals of a damaging size, or to prevent loss of water
vapor by sublimation, both of which take place at inter-
mediate temperatures (–100 to –10°C).

Under natural conditions, cooling of intact, multicellu-
lar plant organs is never fast enough to limit crystal for-
mation in fully hydrated cells to only small, harmless ice
crystals. Ice usually forms first within the intercellular
spaces, and in the xylem vessels, along which the ice can
quickly propagate. This ice formation is not lethal to hardy
plants, and the tissue recovers fully if warmed. However,
when plants are exposed to freezing temperatures for an
extended period, the growth of extracellular ice crystals
results in the movement of liquid water from the protoplast
to the extracellular ice, causing excessive dehydration (for
a detailed description of this process, see Web Topic 25.3).

During rapid freezing, the protoplast, including the vac-
uole, supercools; that is, the cellular water remains liquid
even at temperatures several degrees below its theoretical
freezing point. Several hundred molecules are needed for
an ice crystal to begin forming. The process whereby these
hundreds of water molecules start to form a stable ice crys-
tal is called ice nucleation, and it strongly depends on the
properties of the involved surfaces. Some large polysac-
charides and proteins facilitate ice crystal formation and
are called ice nucleators.

Some ice nucleation proteins made by bacteria appear
to facilitate ice nucleation by aligning water molecules
along repeated amino acid domains within the protein. In
plant cells, ice crystals begin to grow from endogenous ice
nucleators, and the resulting, relatively large intracellular
ice crystals cause extensive damage to the cell and are usu-
ally lethal.

Limitation of Ice Formation Contributes to
Freezing Tolerance
Several specialized plant proteins may help limit the
growth of ice crystals by a noncolligative mechanism—that
is, an effect that does not depend on the lowering of the
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TABLE 25.5
Fatty acid composition of mitochondria isolated from chilling-resistant and chilling-sensitive species

Percent weight of total fatty acid content

Chilling-resistant species Chilling-sensitive species

Major fatty acidsa Cauliflower bud Turnip root Pea shoot Bean shoot Sweet potato Maize shoot

Palmitic (16:0) 21.3 19.0 12.8 24.0 24.9 28.3

Stearic (18:0) 1.9 1.1 2.9 2.2 2.6 1.6
Oleic (18:0) 7.0 12.2 3.1 3.8 0.6 4.6
Linoleic (18:2) 16.4 20.6 61.9 43.6 50.8 54.6
Linolenic (18:3) 49.4 44.9 13.2 24.3 10.6 6.8

Ratio of unsaturated to saturated
fatty acids 3.2 3.9 3.8 2.8 1.7 2.1

a Shown in parentheses are the number of carbon atoms in the fatty acid chain and the number of double bonds.
Source: After Lyons et al. 1964.



freezing point of water by the presence of solutes. These
antifreeze proteins are induced by cold temperatures, and
they bind to the surfaces of ice crystals to prevent or slow
further crystal growth.

In rye leaves, antifreeze proteins are localized in the epi-
dermal cells and cells surrounding the intercellular spaces,
where they can inhibit the growth of extracellular ice.
Plants and animals may use similar mechanisms to limit
ice crystals: A cold-inducible gene identified in Arabidopsis
has DNA homology to a gene that encodes the antifreeze
protein in fishes such as winter flounder. Antifreeze pro-
teins are discussed in more detail later in the chapter.

Sugars and some of the cold-induced proteins are sus-
pected to have cryoprotective (cryo- = “cold”) effects; they
stabilize proteins and membranes during dehydration
induced by low temperature. In winter wheat, the greater
the sucrose concentration, the greater the freezing toler-
ance. Sucrose predominates among the soluble sugars asso-
ciated with freezing tolerance that function in a colligative
fashion, but in some species raffinose, fructans, sorbitol, or
mannitol serves the same function.

During cold acclimation of winter cereals, soluble sug-
ars accumulate in the cell walls, where they may help
restrict the growth of ice. A cryoprotective glycoprotein has
been isolated from leaves of cold-acclimated cabbage (Bras-
sica oleracea). In vitro, the protein protects thylakoids iso-
lated from nonacclimated spinach (Spinacia oleracea) against
damage from freezing and thawing.

Some Woody Plants Can Acclimate 
to Very Low Temperatures
When in a dormant state, some woody plants are
extremely resistant to low temperatures. Resistance is
determined in part by previous acclimation to cold, but
genetics plays an important role in determining the degree
of tolerance to low temperatures. Native species of Prunus
(cherry, plum, and other pit fruits) from northern cooler cli-
mates in North America are hardier after acclimation than
those from milder climates. When the species were tested
together in the laboratory, those with a northern geo-
graphic distribution showed greater ability to avoid intra-
cellular ice formation, underscoring distinct genetic differ-
ences (Burke and Stushnoff 1979).

Under natural conditions, woody species acclimate to
cold in two distinct stages (Weiser 1970):

1. In the first stage, hardening is induced in the early
autumn by exposure to short days and nonfreezing
chilling temperatures, both of which combine to stop
growth. A diffusible factor that promotes acclimation
(probably ABA) moves in the phloem from leaves to
overwintering stems and may be responsible for the
changes. During this period, woody species also with-
draw water from the xylem vessels, thereby prevent-
ing the stem from splitting in response to the expan-
sion of water during later freezing. Cells in this first

stage of acclimation can survive temperatures well
below 0°C, but they are not fully hardened.

2. In the second stage, direct exposure to freezing is the
stimulus; no known translocatable factor can confer
the hardening resulting from exposure to freezing.
When fully hardened, the cells can tolerate exposure
to temperatures of –50 to –100°C.

Resistance to Freezing Temperatures Involves
Supercooling and Slow Dehydration

In many species of the hardwood forests of southeastern
Canada and the eastern United States, acclimation to freez-
ing involves the suppression of ice crystal formation at tem-
peratures far below the theoretical freezing point (see Web
Topic 25.3 for details). This deep supercooling is seen in species
such as oak, elm, maple, beech, ash, walnut, hickory, rose,
rhododendron, apple, pear, peach, and plum (Burke and
Stushnoff 1979). Deep supercooling also takes place in the
stem and leaf tissue of tree species such as Engelmann
spruce (Picea engelmannii) and subalpine fir (Abies lasiocarpa)
growing in the Rocky Mountains of Colorado.

Resistance to freezing is quickly weakened once growth
has resumed in the spring (Becwar et al. 1981). Stem tissues
of subalpine fir, which undergo deep supercooling and
remain viable to below –35°C in May, lose their ability to
suppress ice formation in June and can be killed at –10°C.

Cells can supercool only to about –40°C, at which tem-
perature ice forms spontaneously. Spontaneous ice forma-
tion sets the low-temperature limit at which many alpine and
subarctic species that undergo deep supercooling can sur-
vive. It also explains why the altitude of the timberline in
mountain ranges is at or near the –40°C minimum isotherm.

The cell protoplast suppresses ice nucleation when
undergoing deep supercooling. In addition, the cell wall acts
as a barrier both to the growth of ice from the intercellular
spaces into the wall, and to the loss of liquid water from the
protoplast to the extracellular ice, which is driven by a steep
vapor pressure gradient (Wisniewski and Arora 1993). 

Many flower buds (e.g., grape, blueberry, peach, azalea,
and flowering dogwood) survive the winter by deep
supercooling, and serious economic losses, particularly of
peach, can result from the decline in freezing tolerance of
the flower buds in the spring. The cells then no longer
supercool, and ice crystals that form extracellularly in the
bud scales draw water from the apical meristem, killing the
floral apex by dehydration.

The floral buds of apple and pear, the vegetative buds
of all temperate fruit trees, and the living cells in their bark
do not supercool, but they resist dehydration during extra-
cellular ice formation. Resistance to cellular dehydration is
highly developed in woody species that are subject to aver-
age annual temperature minima below –40°C, particularly
species found in northern Canada, Alaska, northern
Europe, and Asia.
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Ice formation starts at –3 to –5°C in the intercellular
spaces, where the crystals continue to grow, fed by the
gradual withdrawal of water from the protoplast, which
remains unfrozen. Resistance to freezing temperatures
depends on the capacity of the extracellular spaces to
accommodate the volume of growing ice crystals and on
the ability of the protoplast to withstand dehydration.

This restriction of ice crystal formation to extracellular
spaces, accompanied by gradual protoplast dehydration,
may explain why some woody species that are resistant to
freezing are also resistant to water deficit during the grow-
ing season. For example, species of willow (Salix), white
birch (Betula papyrifera), quaking aspen (Populus tremu-
loides), pin cherry (Prunus pensylvanica), chokecherry
(Prunus virginiana), and lodgepole pine (Pinus contorta) tol-
erate very low temperatures by limiting the formation of
ice crystals to the extracellular spaces. However, acquisi-
tion of resistance depends on slow cooling and gradual
extracellular ice formation and protoplast dehydration.
Sudden exposure to very cold temperatures before full
acclimation causes intracellular freezing and cell death.

Some Bacteria That Live on Leaf Surfaces 
Increase Frost Damage
When leaves are cooled to temperatures in the –3 to –5°C
range, the formation of ice crystals on the surface (frost) is
accelerated by certain bacteria that naturally inhabit the
leaf surface, such as Pseudomonas syringae and Erwinia her-
bicola, which act as ice nucleators. When artificially inocu-
lated with cultures of these bacteria, leaves of frost-sensi-
tive species freeze at warmer temperatures than leaves that
are bacteria free (Lindow et al. 1982). The surface ice
quickly spreads to the intercellular spaces within the leaf,
leading to cellular dehydration.

Bacterial strains can be genetically modified so that they
lose their ice-nucleating characteristics. Such strains have
been used commercially in foliar sprays of valuable frost-
sensitive crops like strawberry to compete with native bac-
terial strains and thus minimize the number of potential ice
nucleation points.

ABA and Protein Synthesis Are Involved in
Acclimation to Freezing
In seedlings of alfalfa (Medicago sativa L.), tolerance to freez-
ing at –10°C is greatly improved by previous exposure to
cold (4°C) or by treatment with exogenous ABA without
exposure to cold. These treatments cause changes in the
pattern of newly synthesized proteins that can be resolved
on two-dimensional gels. Some of the changes are unique
to the particular treatment (cold or ABA), but some of the
newly synthesized proteins induced by cold appear to be
the same as those induced by ABA (see Chapter 23) or by
mild water deficit.

Protein synthesis is necessary for the development of
freezing tolerance, and several distinct proteins accumulate

during acclimation to cold, as a result of changes in gene
expression (Guy 1999). Isolation of the genes for these pro-
teins reveals that several of the proteins that are induced by
low temperature share homology with the RAB/LEA/DHN
(responsive to ABA, late embryo abundant, and dehydrin,
respectively) protein family. As described earlier in the sec-
tion on gene regulation by osmotic stress, these proteins
accumulate in tissues exposed to different stresses, such as
osmotic stress. Their functions are under investigation.

ABA appears to have a role in inducing freezing tolerance.
Winter wheat, rye, spinach, and Arabidopsis thaliana are all
cold-tolerant species, and when they are hardened by water
shortages, their freezing tolerance also increases. This toler-
ance to freezing is increased at nonacclimating temperatures
by mild water deficit, or at low temperatures, either of which
increases endogenous ABA concentrations in leaves. 

Plants develop freezing tolerance at nonacclimating
temperatures when treated with exogenous ABA. Many of
the genes or proteins expressed at low temperatures or
under water deficit are also inducible by ABA under nonac-
climating conditions. All these findings support a role of
ABA in tolerance to freezing.

Mutants of Arabidopsis that are insensitive to ABA (abi1)
or are ABA deficient (aba1) are unable to undergo low-tem-
perature acclimation to freezing. Only in aba1, however,
does exposure to ABA restore the ability to develop freez-
ing tolerance (Mantyla et al. 1995). On the other hand, not
all the genes induced by low temperature are ABA depen-
dent, and it is not yet clear whether expression of ABA-
induced genes is critical for the full development of freez-
ing tolerance. For instance, research on the tolerance of rye
crowns to freezing has found that the lethal temperature
for 50% of the crowns (LT50) is –2 to –5°C for controls
grown at 25°C, –8°C for ABA-treated crowns, and –28°C
after acclimation at 2°C.

Clearly exogenous ABA cannot confer the same freezing
acclimation that exposure to low temperatures does. Cell
cultures of bromegrass (Bromus inermis) show a more dra-
matic induction of freezing tolerance when treated with
ABA: Whereas controls grown at 25°C could survive to
–9°C, 7 days of exposure to ABA improved the freezing tol-
erance to –40°C (Gusta et al. 1996).

Typically, a minimum of several days of exposure to
cool temperatures is required for freezing resistance to be
induced fully. Potato requires 15 days of exposure to cold.
On the other hand, when rewarmed, plants lose their freez-
ing tolerance rapidly, and they can become susceptible to
freezing once again in 24 hours. 

The need for cool temperatures to induce acclimation to
chilling or freezing, and the rapid loss of acclimation upon
warming, explain the susceptibility of plants in the south-
ern United States (and similar climatic zones with highly
variable winters) to extremes of temperature in the winter
months, when air temperature can drop from 20 to 25°C to
below 0°C in a few hours.
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Numerous Genes Are Induced during 
Cold Acclimation
Expression of certain genes and synthesis of specific pro-
teins are common to both heat and cold stress, but some
aspects of cold-inducible gene expression differ from that
produced by heat stress (Thomashow 2001). Whereas dur-
ing cold episodes the synthesis of “housekeeping” proteins
(proteins made in the absence of stress) is not substantially
down-regulated, during heat stress housekeeping-protein
synthesis is essentially shut down.

On the other hand, the synthesis of several heat shock
proteins that can act as molecular chaperones is up-regu-
lated under cold stress in the same way that it is during
heat stress. This suggests that protein destabilization
accompanies both heat and cold stress and that mecha-
nisms for stabilizing protein structure during both heat and
cold episodes are important for survival.

Another important class of proteins whose expression
is up-regulated by cold stress is the antifreeze proteins.
Antifreeze proteins were first discovered in fishes that live
in water under the polar ice caps. As discussed earlier,
these proteins have the ability to inhibit ice crystal growth
in a noncolligative manner, thus preventing freeze damage
at intermediate freezing temperatures. Antifreeze proteins
confer to aqueous solutions the property of thermal hys-
teresis (transition from liquid to solid is promoted at a lower
temperature than is transition from solid to liquid), and
thus they are sometimes referred to as thermal hysteresis
proteins (THPs).

Several types of cold-induced, antifreeze proteins have
been discovered in cold-acclimated winter-hardy mono-
cots. When the specific genes coding for these proteins
were cloned and sequenced, it was found that all antifreeze
proteins belong to a class of proteins such as endochitinases
and endoglucanases, which are induced upon infection of
different pathogens. These proteins, called pathogenesis-
related (PR) proteins are thought to protect plants against
pathogens. It thus appears that at least in monocots, the
dual role of these proteins as antifreeze and pathogenesis-
related proteins might protect plant cells against both cold
stress and pathogen attack.

Another group of proteins found to be associated with
osmotic stress (see the discussion earlier in this chapter) are
also up-regulated during cold stress. This group includes
proteins involved in the synthesis of osmolytes, proteins for
membrane stabilization, and the LEA proteins. Because the
formation of extracellular ice crystals generates significant
osmotic stresses inside cells, coping with freezing stress
also requires the means to cope with osmotic stress.

A Transcription Factor Regulates Cold-Induced
Gene Expression
More than 100 genes are up-regulated by cold stress. Because
cold stress is clearly related to ABA responses and to osmotic
stress, not all the genes up-regulated by cold stress neces-

sarily need to be associated with cold tolerance, but most
likely many of them are. Many cold stress–induced genes are
activated by transcriptional activators called C-repeat bind-
ing factors (CBF1, CBF2, CBF3; also called DREB1b,
DREB1c, and DREB1a, respectively) (Shinozaki and Yam-
aguchi-Shinozaki 2000).

CBF/DREB1-type transcription factors bind to
CRT/DRE elements (C-repeat/dehydration-responsive,
ABA-independent sequence elements) in gene promoter
sequences, which were discussed earlier in the chapter.
CBF/DREB1 is involved in the coordinate transcriptional
response of numerous cold and osmotic stress–regulated
genes, all of which contain the CRT/DRE elements in their
promoters. CBF1/DREB1b is unique in that it is specifically
induced by cold stress and not by osmotic or salinity stress,
whereas the DRE-binding elements of the DREB2 type (dis-
cussed earlier in the section on osmotic stresses) are induced
only by osmotic and salinity stresses and not by cold.

The expression of CBF1/DREB1b is controlled by a sep-
arate transcription factor, called ICE (inducer of CBF
expression). ICE transcription factors do not appear to be
induced by cold, and it is presumed that ICE or an associ-
ated protein is posttranscriptionally activated, permitting
activation of CBF1/DRE1b, but the precise signaling path-
way(s) of cold perception, calcium signaling, and the acti-
vation of ICE are presently under investigation.

Transgenic plants constitutively expressing CBF1 have
more cold–up-regulated gene transcripts than wild-type
plants have, suggesting that numerous cold–up-regulated
proteins that may be involved in cold acclimation are being
produced in the absence of cold in these CBF1 transgenic
plants. In addition, CBF1 tansgenic plants are more cold
tolerant than control plants.

SALINITY STRESS
Under natural conditions, terrestrial higher plants
encounter high concentrations of salts close to the seashore
and in estuaries where seawater and freshwater mix or
replace each other with the tides. Far inland, natural salt
seepage from geologic marine deposits can wash into
adjoining areas, rendering them unusable for agriculture.
However, a much more extensive problem in agriculture is
the accumulation of salts from irrigation water.

Evaporation and transpiration remove pure water (as
vapor) from the soil, and this water loss concentrates
solutes in the soil. When irrigation water contains a high
concentration of solutes and when there is no opportunity
to flush out accumulated salts to a drainage system, salts
can quickly reach levels that are injurious to salt-sensitive
species. It is estimated that about one-third of the irrigated
land on Earth is affected by salt.

In this section we discuss how plant function is affected
by water and soil salinity, and we examine the processes
that assist plants in avoiding salinity stress.
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Salt Accumulation in Soils Impairs 
Plant Function and Soil Structure
In discussing the effects of salts in the soil, we distinguish
between high concentrations of Na+, referred to as sodic-
ity, and high concentrations of total salts, referred to as
salinity. The two concepts are often related, but in some
areas Ca2+, Mg2+, and SO2

4
–, as well as NaCl, can con-

tribute substantially to salinity. The high Na+ concentration
of a sodic soil can not only injure plants directly but also
degrade the soil structure, decreasing porosity and water
permeability. A sodic clay soil known as caliche is so hard
and impermeable that dynamite is sometimes required to
dig through it!

In the field, the salinity of soil water or irrigation water
is measured in terms of its electrical conductivity or in
terms of osmotic potential. Pure water is a very poor con-
ductor of electric current; the conductivity of a water sam-
ple is due to the ions dissolved in it. The higher the salt
concentration in water, the greater its electrical conductiv-
ity and the lower its osmotic potential (higher osmotic pres-
sure) (Table 25.6).

The quality of irrigation water in semiarid and arid
regions is often poor. In the United States the salt content
of the headwaters of the Colorado River is only 50 mg L–1,
but about 2000 km downstream, in southern California, the
salt content of the same river reaches about 900 mg L–1,
enough to preclude growth of some salt-sensitive crops,
such as maize. Water from some wells used for irrigation
in Texas may contain as much as 2000 to 3000 mg salt L–1.
An annual application of irrigation water totaling 1 m from
such wells would add 20 to 30 tons of salts per hectare
(8–12 tons per acre) to the soil. These levels of salts are
damaging to all but the most resistant crops.

Salinity Depresses Growth and Photosynthesis 
in Sensitive Species
Plants can be divided into two broad groups on the basis
of their response to high concentrations of salts. Halo-

phytes are native to saline soils and complete their life
cycles in that environment. Glycophytes (literally “sweet
plants”), or nonhalophytes, are not able to resist salts to the
same degree as halophytes. Usually there is a threshold
concentration of salt above which glycophytes begin to
show signs of growth inhibition, leaf discoloration, and loss
of dry weight.

Among crops, maize, onion, citrus, pecan, lettuce, and
bean are highly sensitive to salt; cotton and barley are mod-
erately tolerant; and sugar beet and date palms are highly
tolerant (Greenway and Munns 1980). Some species that are
highly tolerant of salt, such as Suaeda maritima (a salt marsh
plant) and Atriplex nummularia (a saltbush), show growth
stimulation at Cl– concentrations many times greater than
the lethal level for sensitive species (Figure 25.14).

Salt Injury Involves Both Osmotic Effects and
Specific Ion Effects
Dissolved solutes in the rooting zone generate a low (more
negative) osmotic potential that lowers the soil water
potential. The general water balance of plants is thus
affected because leaves need to develop an even lower
water potential to maintain a “downhill” gradient of water
potential between the soil and the leaves (see Chapter 4).
This effect of dissolved solutes is similar to that of a soil
water deficit (as discussed earlier in this chapter), and most
plants respond to excessive levels of soil salinity in the
same way as described earlier for water deficit.

A major difference between the low-water-potential
environments caused by salinity versus soil desiccation is
the total amount of water available. During soil desicca-
tion a finite amount of water can be obtained from the soil
profile by the plant, causing ever decreasing water poten-
tials. In most saline environments a large (essentially
unlimited) amount of water at a constant, low water
potential is available. 

Of particular importance here is the fact that most plants
can adjust osmotically when growing in saline soils. Such
adjustment prevents loss of turgor (which would slow cell
growth; see Figure 25.1) while generating a lower water
potential, but these plants often continue to grow more
slowly after this adjustment for an unknown reason that curi-
ously is not related to insufficient turgor (Bressan et al. 1990)

In addition to the plant responses to low water poten-
tial, specific ion toxicity effects also occur when injurious
concentrations of ions—particularly Na+, Cl–, or SO4

2–—
accumulate in cells. Under nonsaline conditions, the
cytosol of higher-plant cells contains 100 to 200 mM K+ and
1 to 10 mM Na+, an ionic environment in which many
enzymes function optimally. An abnormally high ratio of
Na+ to K+ and high concentrations of total salts inactivate
enzymes and inhibit protein synthesis. At a high concen-
tration, Na+ can displace Ca2+ from the plasma membrane
of cotton root hairs, resulting in a change in plasma mem-
brane permeability that can be detected as leakage of K+

from the cells (Cramer et al. 1985).
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TABLE 25.6
Properties of seawater and of good quality 
irrigation water

Irrigation
Property Seawater water

Concentration of ions (mM)
Na+ 457 <2.0
K+ 9.7 <1.0
Ca2+ 10 0.5–2.5
Mg2+ 56 0.25–1.0
Cl– 536 <2.0
SO4

2– 28 0.25–2.5
HCO3

– 2.3 <1.5
Osmotic potential (MPa) –2.4 –0.039
Total dissolved salts 32,000 500

(mg L–1 or ppm)



Photosynthesis is inhibited when high concentrations of
Na+ and/or Cl– accumulate in chloroplasts. Since photosyn-
thetic electron transport appears relatively insensitive to salts,
either carbon metabolism or photophosphorylation may be
affected. Enzymes extracted from salt-tolerant species are just
as sensitive to the presence of NaCl as enzymes from salt-sen-
sitive glycophytes are. Hence the resistance of halophytes to
salts is not a consequence of salt-resistant metabolism.
Instead, other mechanisms come into play to avoid salt
injury, as discussed in the following section.

Plants Use Different Strategies to Avoid Salt Injury
Plants minimize salt injury by excluding salt from meris-
tems, particularly in the shoot, and from leaves that are
actively expanding and photosynthesizing. In plants that
are salt sensitive, resistance to moderate levels of salinity
in the soil depends in part on the ability of the roots to pre-
vent potentially harmful ions from reaching the shoots.

Recall from Chapter 4 that the Casparian strip imposes
a restriction to the movements of ions into the xylem. To
bypass the Casparian strips, ions need to move from the
apoplast to the symplastic pathway across cell membranes.
This transition offers salt-resistant plants a mechanism to
partially exclude harmful ions.

Sodium ions enter roots passively (by moving down an
electrochemical-potential gradient; see Chapter 6), so root
cells must use energy to extrude Na+ actively back to the
outside solution. By contrast, Cl– is excluded by negative
electric potential across the cell membrane, and the low
permeability of root plasma membranes to this ion. Move-
ment of Na+ into leaves is further minimized by absorption
of Na+ from the transpiration stream (xylem sap) during its
movement from roots to shoots and leaves.

Some salt-resistant plants, such as salt cedar (Tamarix
sp.) and salt bush (Atriplex sp.), do not exclude ions at the
root, but instead have salt glands at the surface of the
leaves. The ions are transported to these glands, where the
salt crystallizes and is no longer harmful. In general, halo-
phytes have a greater capacity than glycophytes for ion
accumulation in shoot cells.

Although some plants, such as mangroves, grow in
saline environments with abundant water supplies, the abil-
ity to acquire that water requires that they make osmotic
adjustments to obtain water from the low-water-potential
external environment. As discussed earlier in relation to
water deficit, plant cells can adjust their water potential
(Yw) in response to osmotic stress by lowering their solute
potential (Ys). Two intracellular processes contribute to the
decrease in Ys: the accumulation of ions in the vacuole and
the synthesis of compatible solutes in the cytosol.

As mentioned earlier in the chapter, compatible solutes
include glycine betaine, proline, sorbitol, mannitol, pinitol,
and sucrose. Specific plant families tend to use one or two of
these compounds in preference to others. The amount of car-
bon used for the synthesis of these organic solutes can be
rather large (about 10% of the plant weight). In natural veg-
etation this diversion of carbon to adjust water potential does
not affect survival, but in agricultural crops it can reduce
growth and therefore total biomass and harvestable yields.

Many halophytes exhibit a growth optimum at moder-
ate levels of salinity, and this optimum is correlated with
the capacity to accumulate ions in the vacuole, where they
can contribute to the cell osmotic potential without dam-
aging the salt-sensitive enzymes. To a lesser extent, this
process also occurs in more salt-sensitive glycophytes, but
the adjustment may be slower.
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Group IA (halophytes) includes sea blite (Suaeda maritima) and 
salt bush (Atriplex nummularia). These species show growth 
stimulation with Cl– levels below 400 nM.

Group II (halophytes and nonhalophytes) includes salt-tolerant 
halophytic grasses that lack salt glands, such as Festuca rubra 
subsp. red fescue (littoralis) and Puccinellia peisonis, and 
nonhalophytes, such as cotton (Gossypium spp.) and barley 
(Hordeum vulgare). All are inhibited by high salt concentra-
tions. Within this group, tomato (Lycopersicon esculentum) is 
intermediate, and common bean (Phaseolus vulgaris) and 
soybean (Glycine max) are sensitive.

The species in Group III (very salt-sensitive nonhalophytes) are 
severely inhibited or killed by low salt concentrations. Included 
are many fruit trees, such as citrus, avocado, and stone fruit.

Group IB (halophytes) includes Townsend's cordgrass (Spartina 
x townsendii ) and sugar beet (Beta vulgaris).These plants 
tolerate salt, but their growth is retarded.

FIGURE 25.14 The growth of different species subjected to salinity relative to that of
unsalinized controls. The curves dividing the regions are based on data for different
species. Plants were grown for 1 to 6 months. (From Greenway and Munns 1980.)



Besides making adjustments in water potential, plants
adjusting to salinity stress undergo the other osmotic
stress–related acclimations described earlier for water
deficit. For example, plants subjected to salt stress can
reduce leaf area and or drop leaves via leaf abscission just
as during episodes of osmotic stress. In addition, changes
in gene expression associated with osmotic stress are sim-
ilarly associated with salinity stress. Keep in mind, how-
ever, that in addition to acclimation to a low-water-poten-
tial environment, plants experiencing salinity stress must
cope with the toxicity of high ion concentrations associated
with salinity stress.

Ion Exclusion Is Critical for Acclimation and
Adaptation to Salinity Stress
In terms of metabolic energy, use of ions to balance tissue
water potential in a saline environment clearly has a lower
energy cost for the plant than use of carbohydrates or
amino acids, the production of which has a significantly

higher energy cost. On the other hand, high ion concentra-
tions are toxic to many cytosolic enzymes, so ions must be
accumulated in the vacuole to minimize toxic concentra-
tions in the cytosol.

Because NaCl is the most abundant salt encountered by
plants under salinity stress, transport systems that facilitate
compartmentation of Na+ into the vacuole are critical
(Binzel et al. 1988). Both Ca2+ and K+ affect intracellular
Na+ concentrations (Zhong and Läuchli 1994). At high con-
centrations of Na+, K+ uptake through a high-affinity
K+–Na+ transporter, HKT1, is inhibited, and the transporter
operates as an Na+ uptake system (Figure 25.15). Calcium,
on the other hand, enhances K+/Na+ selectivity and in so
doing increases salt tolerance (Liu and Zhu 1997).

Sodium Is Transported across the Plasma
Membrane and the Tonoplast
As discussed in Chapter 6, H+ pumps in the plasma mem-
brane and tonoplast provide the driving force (H+ electro-
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FIGURE 25.15 Membrane transport proteins mediating
sodium, potassium, and calcium transport during salinity
stress. SOS1, plasma membrane Na+/H+ antiporter; ACA,
plasma/tonoplast membrane Ca2+-ATPase; KUP1/TRH1,
high-affinity K+-H+ co-transporter; atHKT1, sodium influx
transporter; AKT1, K+

in channel; NSCC, non selective
cation channel; CAX1 or 2, Ca2+/H+ antiporter; atNHX1, 2
or 5, endomembrane Na+/H+ antiporter. Also indicated in

the figure are proteins that have been implicated in ion
homeostasis, but whose molecular identity is either not
presently known or cofirmed in plants. These include
plasma membrane and tonoplast calcium channel proteins,
and vacuolar proton-pumping ATPases and pyrophos-
phatases. The membrane potential difference across the
plasma membrane is typically 120 to 200 mV, negative
inside; across the tonoplast 0 to 20 mV; positive inside.



chemical potential) for secondary transport of ions (see
Figure 25.15). An ATPase is primarily responsible for the
large ∆pH and membrane potential gradient found across
the plasma membrane. A vacuolar H +-ATPase generates a
∆pH and membrane potential across the tonoplast
(Hasegawa et al. 2000).

Activity of these pumps is required for the secondary
transport of excess ions associated with plant responses to
salinity stress. This is indicated by findings showing that
the activity of these H+ pumps is increased by salinity, and
induced gene expression may account for some of this up-
regulation.

Energy-dependent transport (efflux) of Na+ from the
cytosol of plant cells across the plasma membrane is medi-
ated by the gene product of the SOS1 (salt overly sensitive
1) gene that function as a Na+–H+ antiporter (Figure 25.16).
The SOS1 antiporter is regulated by the gene products of

at least two other genes, referred to as SOS2 and SOS3 (Shi
et al. 2000). SOS2 is a serine/threonine kinase that is appar-
ently activated by calcium through the function of SOS3, a
calcium-regulated protein phosphatase (see Web Topic 25.4
for details on Ca2+ signaling and the SOS gene family).

Vacuolar compartmentation of Na+ results in part from
the activity of a family of Na+–H+ antiporters such as Ara-
bidopsis AtNHX1 (see Figure 25.15). Transgenic Arabidopsis
and tomato plants overexpressing the gene that encodes
AtNHX1 exhibit enhanced salt tolerance (Apse et al. 1999;
Quintero et al. 2000). (See Web Topic 25.5 for details on
molecular studies of Na+ compartmentation.) These mole-
cular findings are another example of the wealth of new
information emerging from studies on transgenic plants,
gene sequencing, and protein characterization (see Web
Topic 25.6 for details on work with transgenic plants for
stress studies).
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FIGURE 25.16 The regulation of ion homeostasis by the SOS
signal transduction pathway, salinity stress, and calcium
levels. Red arrows indicate positive regulation of the
effected transport protein while blue arrows indicate nega-
tive regulation. Proteins shown in yellow are activated by
salinity stress.  SOS1, plasma membrane Na+/H+

antiporter; SOS2, serine/threonine kinase; SOS3, Ca2+ bind-
ing protein; HKT1, sodium influx transporter;  AKT1, K+

in
channel; NSCC, non selective cation channel; NHX1, 2 or 5,
endomembrane Na+/H+ antiporter; shown in orange is an
undertermined calcium channel protein. Salinity stress acti-
vates a calcium channel leading to an increase in cytosolic

calcium that activates the SOS cascade through SOS3.  The
SOS cascade must negatively regulate HKT1 which in turn
secondarily regulates AKT1. At the same time, the SOS cas-
cade increases the activity of SOS1 and AKT1. Working
through an as yet undefined transcription factor the SOS
cascade increases transcription of SOS1 while decreasing
transcription of NHX gene(s). At low calcium NSCC can
also function as an alternative sodium influx system, but
this transporter is inhibited at high calcium levels. The
membrane potential difference across the plasma mem-
brane is typically 120 to 200 mV, negative inside, that of the
tonoplast is 0 to 20 mV, positive inside.



OXYGEN DEFICIENCY
Roots usually obtain sufficient oxygen (O2) for aerobic res-
piration (see Chapter 11) directly from the gaseous space in
the soil. Gas-filled pores in well-drained, well-structured soil
readily permit the diffusion of gaseous O2 to depths of sev-
eral meters. Consequently, the O2 concentration deep in the
soil is similar to that in humid air. However, soil can become
flooded or waterlogged when it is poorly drained or when
rain or irrigation is excessive. Water then fills the pores and
blocks the diffusion of O2 in the gaseous phase. Dissolved
oxygen diffuses so slowly in stagnant water that only a few
centimeters of soil near the surface remain oxygenated.

When temperatures are low and plants are dormant,
oxygen depletion is very slow and the consequences are
relatively harmless. However, when temperatures are
higher (greater than 20°C), oxygen consumption by plant
roots, and soil fauna and microorganisms, can totally
deplete the oxygen from the bulk of the soil water in as lit-
tle as 24 hours.

Flooding-sensitive plants are severely damaged by 24
hours of anoxia. The growth and survival of many plant
species are greatly depressed under such conditions, and
crop yields can be severely reduced. For example, garden
pea (Pisum sativum) yields can be halved by 24 hours of
flooding, making garden pea an example of a flooding-sen-
sitive plant. Other plants, particularly species not adapted
to grow in continually wet conditions and many crop
plants, are affected by flooding in a milder way and are
considered flooding-tolerant plants. Flooding-tolerant
plants can withstand anoxia (lack of oxygen) temporarily,
but not for prolonged periods of more than a few days.

On the other hand, specialized natural vegetation found
in wetlands such as marshes and swamps, and crops such
as rice, are well adapted to resist oxygen deficiency in the
root environment. Wetland plants can resist anoxia, and they
grow and survive for extended periods of up to months with
their root systems in anoxic conditions. Most of these plants
have special adaptations, which we will discuss here, that
permit oxygen available in nearby environments to reach the
tissues held in anoxic conditions. Practically all plants
require oxygen when they are engaging in rapid metabolic
activity, and plants can be classified according to the time
they can withstand anoxic conditions in their root environ-
ment without demonstrating substantial damage.

In the following sections we discuss the damage caused
by anaerobiosis to roots and shoots, how wetland vegeta-
tion copes with low oxygen tensions, and different accli-
mations to anoxic stress that distinguish between flooding-
tolerant and flooding-susceptible species.

Anaerobic Microorganisms Are Active in 
Water-Saturated Soils
When soil is completely depleted of molecular O2, the func-
tion of soil microbes becomes significant for plant life and

growth. Anaerobic soil microorganisms (anaerobes) derive
their energy from the reduction of nitrate (NO3

–) to nitrite
(NO2

–) or to nitrous oxide (N2O) and molecular nitrogen
(N2). These gases (N2O and N2) are lost to the atmosphere
in a process called denitrification. As conditions become
more reducing, anaerobes reduce Fe3+ to Fe2+, and because
of its greater solubility, Fe2+ can rise to toxic concentrations
when some soils are anaerobic for many weeks. Other
anaerobes may reduce sulfate (SO4

2–) to hydrogen sulfide
(H2S), which is a respiratory poison.

When anaerobes have an abundant supply of organic
substrate, bacterial metabolites such as acetic acid and
butyric acid are released into the soil water, and these acids
along with reduced sulfur compounds account for the
unpleasant odor of waterlogged soil. All of these sub-
stances made by microorganisms under anaerobic condi-
tions are toxic to plants at high concentrations.

Roots Are Damaged in Anoxic Environments
Root respiration rate and metabolism are affected even
before O2 is completely depleted from the root environ-
ment. The critical oxygen pressure (COP) is the oxygen
pressure at which the respiration rate is first slowed by O2
deficiency. The COP for a maize root tip growing in a well-
stirred nutrient solution at 25°C, is about 0.20 atmosphere
(20 kPa, or 20% O2 by volume), almost the concentration in
ambient air. At this oxygen partial pressure (for a discus-
sion of partial pressures, see Web Topic 9.3), the rate of dif-
fusion of dissolved O2 from the solution into the tissue and
from cell to cell barely keeps pace with the rate of O2 uti-
lization. However, a root tip is metabolically very active,
with respiration rates and ATP turnover comparable to
those of mammalian tissue.

In older zones of the root, where cells are mature and
fully vacuolated and the respiration rate is lower, the COP
is often in the range of 0.1 to 0.05 atmosphere. When O2
concentrations are below the COP, the center of the root
becomes anoxic (completely lacking oxygen) or hypoxic
(partly deficient in oxygen).

The COP is lower when respiration slows down at
cooler temperatures; it also depends on how bulky the
organ is and how tightly the cells are packed. Large, bulky
fruits are able to remain fully aerobic because of the large
intercellular spaces that readily allow gaseous diffusion.
For single cells, an O2 partial pressure as low as 0.01 atmos-
phere (1% O2 in the gaseous phase) can be adequate
because diffusion over short distances ensures an adequate
O2 supply to mitochondria. A very low partial pressure of
O2 at the mitochondrion is sufficient to maintain oxidative
phosphorylation.

The Km value (Michaelis–Menten constant; see Chapter 2
on the web site) for cytochrome oxidase is 0.1 to 1.0 µM dis-
solved O2, a tiny fraction of the concentration of dissolved
O2 in equilibrium with air (277 µM at 20°C). The large dif-
ference between the COP values for an organ or tissue and
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the O2 requirements of mitochondria is explained by the
slow diffusion of dissolved O2 in aqueous media.

In the absence of O2, electron transport and oxidative
phosphorylation in mitochondria cease, the tricarboxylic acid
cycle cannot operate, and ATP can be produced only by fer-
mentation. Thus when the supply of O2 is insufficient for aer-
obic respiration, roots first begin to ferment pyruvate (formed
in glycolysis; see Chapter 11) to lactate, through the action of
lactate dehydrogenase (LDH) (Figure 25.17). In the root tips
of maize, lactate fermentation is transient because lowered
intracellular pH quickly leads to a switch from lactate fer-
mentation to ethanol fermentation. The shift occurs because
of the different pH optima of the cytosolic enzymes involved.

At acidic pH, LDH is inhibited and pyruvate decar-
boxylase is activated. The net yield of ATP in fermentation
is only 2 moles of ATP per mole of hexose sugar respired
(compared with 36 moles of ATP per mole of hexose
respired in aerobic respiration). Thus, injury to root metab-
olism by O2 deficiency originates in part from a lack of ATP
to drive essential metabolic processes (Drew 1997).

Nuclear magnetic resonance (NMR) spectroscopy was
used to measure the intracellular pH of living maize root
tips under nondestructive conditions (Roberts et al. 1992).
In healthy cells, the vacuolar contents are more acidic (pH
5.8) than the cytoplasm (pH 7.4). But under conditions of
extreme O2 deficiency, protons gradually leak from the vac-
uole into the cytoplasm, adding to the acidity generated in
the initial burst of lactic acid fermentation. These changes
in pH (cytosolic acidosis) are associated with the onset of cell
death.

Apparently, active transport of H+ into the vacuole by
tonoplast ATPases is slowed by lack of ATP, and without
ATPase activity the normal pH gradient between cytosol
and vacuole cannot be maintained. Cytosolic acidosis irre-
versibly disrupts metabolism in the cytoplasm of higher-
plant cells, as it does in anoxic cells of animals. It is essen-
tially this cytosolic acidosis that causes damage, and the
timing and degree to which it is limited are the primary
factors distinguishing flooding-sensitive from flooding-tol-
erant species.
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FIGURE 25.17 During episodes of anoxia, pyruvate pro-
duced by glycolysis is initially fermented to lactate. Proton
production by glycolysis, and other metabolic pathways,
and decreased proton translocation across the plasma mem-
brane and tonoplast lead to a lowering of cytosolic pH. At
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ic pH and enhances the ability of the plant to survive the
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Damaged O2-Deficient Roots Injure Shoots
Anoxic or hypoxic roots lack sufficient energy to support
physiological processes on which the shoots depend.
Experiments have shown that the failure of the roots of
wheat or barley to absorb nutrient ions and transport them
to the xylem (and from there to the shoot) quickly leads to
a shortage of ions within developing and expanding tis-
sues. Older leaves senesce prematurely because of reallo-
cation of phloem-mobile elements (N, P, K) to younger
leaves. The lower permeability of roots to water often leads
to a decrease in leaf water potential and wilting, although
this decrease is temporary if stomata close, preventing fur-
ther water loss by transpiration.

Hypoxia also accelerates production of the ethylene pre-
cursor ACC (1-aminocyclopropane-1-carboxylic acid) in
roots (see Chapter 22). In tomato, ACC travels via the
xylem sap to the shoot, where, in contact with oxygen, it is
converted by ACC oxidase to ethylene. The upper (adax-
ial) surfaces of the leaf petioles of tomato and sunflower
have ethylene-responsive cells that expand more rapidly
when ethylene concentrations are high. This expansion
results in epinasty, the downward growth of the leaves
such that they appear to droop. Unlike wilting, epinasty
does not involve loss of turgor.

In some species (e.g., pea and tomato), flooding induces
stomatal closure apparently without detectable changes in
leaf water potential. Oxygen shortage in roots, like water
deficit or high concentrations of salts, can stimulate abscisic
acid (ABA) production and movement of ABA to leaves.
However, stomatal closure under these conditions can be
attributed mostly to the additional production of ABA by
the older, lower leaves. These leaves do wilt, and they
export their ABA to the younger turgid leaves, leading to
stomatal closure (Zhang and Zhang 1994).

Submerged Organs Can Acquire O2 through
Specialized Structures
In contrast to flooding-sensitive and flooding-tolerant
species, wetland vegetation is well adapted to grow for
extended periods in water-saturated soil. Even when
shoots are partly submerged, they grow vigorously and
show no signs of stress.

In some wetland species, such as the water lily
(Nymphoides peltata), submergence traps endogenous eth-
ylene, and the hormone stimulates cell elongation of the
petiole, extending it quickly to the water surface so that the
leaf is able to reach the air. Internodes of deep-water (float-
ing) rice respond similarly to trapped ethylene, so the
leaves extend above the water surface despite increases in
water depth. In the case of pondweed (Potamogeton pecti-
natus), an aquatic monocot, stem elongation is insensitive
to ethylene; instead elongation is promoted even under
anaerobic conditions by acidification of the surrounding
water caused by the accumulation of respiratory CO2.

In most wetland plants, and in many plants that accli-
mate well to wet conditions, the stem and roots develop

longitudinally interconnected, gas-filled channels that pro-
vide a low-resistance pathway for movement of oxygen
and other gases. The gases (air) enter through stomata, or
through lenticels on woody stems and roots, and travel by
molecular diffusion, or by convection driven by small pres-
sure gradients.

In many wetland plants, exemplified by rice, cells are
separated by prominent, gas-filled spaces, which form a tis-
sue called aerenchyma, that develop in the roots indepen-
dently of environmental stimuli. In a few nonwetland
plants, however, including both monocots and dicots, oxy-
gen deficiency induces the formation of aerenchyma in the
stem base and newly developing roots (Figure 25.18). 

In the root tip of maize, hypoxia stimulates the activity
of ACC synthase and ACC oxidase, thus causing ACC and
ethylene to be produced faster. The ethylene leads to the
death and disintegration of cells in the root cortex. The
spaces these cells formerly occupied provide the gas-filled
voids that facilitate movement of O2.

Ethylene-signaled cell death is highly selective; cells not
destined to die in the root are unaffected. A rise in cytoso-
lic Ca2+ concentration is thought to be part of the ethylene
signal transduction pathway leading to cell death. Chemi-
cals that elevate cytosolic Ca2+ concentration promote cell
death under noninducing conditions; conversely, chemicals
that lower cytosolic Ca2+ concentration block cell death in
hypoxic roots that would normally form aerenchyma. Eth-
ylene-dependent cell death in response to hypoxia is an
example of programmed cell death, which was discussed in
Chapter 16 (Drew et al. 2000).

Some plants (or parts of them) can tolerate exposure to
strictly anaerobic conditions for an extended period (weeks
or months) before developing aerenchyma. These include
the embryo and coleoptile of rice and of Echinochloa crus-
galli var. oryzicola (rice grass), and rhizomes (underground
horizontal stems) of Schoenoplectus lacustris (giant bulrush),
Scirpus maritimus (salt marsh bulrush), and Typha angusti-
folia (narrow-leafed cattail). These rhizomes can survive for
several months and expand their leaves in an anaerobic
atmosphere.

In nature, rhizomes overwinter in anaerobic mud at the
edges of lakes. In spring, once the leaves have expanded
above the mud or water surface, O2 diffuses down through
the aerenchyma into the rhizome. Metabolism then
switches from an anaerobic (fermentative) to an aerobic
mode, and roots begin to grow using the available oxygen.
Likewise, during germination of paddy (wetland) rice and
of rice grass, the coleoptile breaks the water surface and
becomes a diffusion pathway (a “snorkel”) for O2 to the
rest of the plant. (Even though rice is a wetland species, its
roots are as intolerant of anoxia as maize roots are.)

As the root extends into oxygen-deficient soil, the con-
tinuous formation of aerenchyma just behind the tip allows
oxygen movement within the root to supply the apical
zone. In roots of rice and other typical wetland plants,
structural barriers composed of suberized and lignified
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cells prevent O2 diffusion outward to the soil. The O2 thus
retained supplies the apical meristem and allows growth
to proceed 50 cm or more into anaerobic soil.

In contrast, roots of nonwetland species, such as maize,
leak O2, failing to conserve it to the same extent. Thus, in
the root apex of these plants, internal O2 becomes insuffi-
cient for aerobic respiration, and this lack of O2 severely
limits the depth to which such roots can extend into anaer-
obic soil.

Most Plant Tissues Cannot Tolerate 
Anaerobic Conditions
Most tissues of higher plants cannot survive prolonged
anaerobic conditions. Root tips of maize, for example,
remain viable for only 20 to 24 hours if they are suddenly
deprived of O2. Under anoxia, some ATP is generated
slowly by fermentation, but the energy status of cells grad-
ually declines during cytosolic acidosis. The precise com-
bination of biochemical characteristics that allow some cells
to tolerate anoxia for long periods is not fully understood.
Root tips of maize and other cereals show a modest degree
of acclimation if they first are made hypoxic, whereupon
they can survive up to 4 days of anoxia.

Acclimation to an anaerobic condition is associated
with expression of the genes that encode many of the
anaerobic stress proteins (see the next section). After accli-
mation, the ability to carry out ethanolic fermentation

under anoxia (thereby producing ATP to keep some
metabolism going) is improved, and this improvement is
accompanied by an ability to transport lactate out of the
cytosol to the external medium, thus minimizing cytoso-
lic acidosis (Drew 1997).

The ability of organs of wetland plants to tolerate
chronic anoxia may depend on strategies similar to those
just described, but they are clearly employed to greater
effect: Critical features appear to be control of cytosolic pH,
continued generation of ATP by glycolysis and fermenta-
tion, and sufficient storage of fuel for anaerobic respiration
over extended periods. It has been suggested that synthe-
sis of alanine, succinate, and γ-aminobutyric acid under
anoxia consumes protons and minimizes cytosolic acido-
sis. Evidence to this effect has been found in anoxia-toler-
ant shoots of rice and rice grass, but not in anoxia-sensitive
shoots of wheat and barley.

Organs of species that alternate between anaerobic and
aerobic metabolism need to deal with the consequences of
the entry of O2 following anoxia. Highly reactive oxygen
species are generated during aerobic metabolism, and they
are normally detoxified by cellular defense mechanisms
that involve superoxide dismutase (SOD). This enzyme
converts superoxide radicals to hydrogen peroxide, which
is then converted to water by peroxidase. 

In anoxia-tolerant rhizomes of Iris pseudacorus (yellow
flag), SOD activity increases 13-fold during 28 days of
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FIGURE 25.18 Scanning electron micrographs of transverse
sections through roots of maize, showing changes in struc-
ture with oxygen supply. (150×) (A) Control root, supplied
with air, with intact cortical cells. (B) Oxygen-deficient root
growing in a nonaerated nutrient solution. Note the promi-

nent gas-filled spaces (gs) in the cortex (cx), formed by
degeneration of cells. The stele (all cells interior to the
endodermis, En) and the epidermis (Ep) remain intact. X,
xylem. (Courtesy of J. L. Basq and M. C. Drew.)
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anoxia. This increase is not observed in rhizomes of other
Iris species that are not anoxia tolerant. In the tolerant
species, SOD may be available to cope with the influx of O2
that occurs when the leaves emerge into the air from water
or mud, so it may assist in resisting postanoxic stress.

Acclimation to O2 Deficit Involves Synthesis of
Anaerobic Stress Proteins
When maize roots are made anoxic, protein synthesis
ceases except for the continued production of about 20
polypeptides (Sachs and Ho 1986). Most of these anaerobic
stress proteins have been identified as enzymes of the gly-
colytic and fermentation pathways.

The mechanism for sensing reduced oxygen levels
under hypoxic or anoxic conditions is not completely clear.
However, one of the earliest events to occur following low-
ering of O2 levels is an elevation of the intracellular Ca2+.
Evidence suggests that this calcium signal is involved in
the signal transduction of anoxia. Within minutes of the
onset of anoxia, a rise in cytosolic Ca2+ concentration acts
as a signal leading to increases in mRNA levels of alcohol
dehydrogenase (ADH) and sucrose synthase in maize cells
in culture.

Chemicals that block a rise in intracellular Ca2+ concen-
tration also prevent the expression of the genes for ADH
and sucrose synthase from being induced by anoxia, and
they greatly enhance the sensitivity of maize seedlings to
anoxia (Sachs et al. 1996). Further research is needed to
resolve these mechanisms and to explain how intracellular
Ca2+ concentration signals both the early survival of cells
under anoxia and the induction of cell death and
aerenchyma formation during prolonged hypoxia.

The accumulation of mRNAs of the anaerobic stress
genes results from changes in the rate of transcription of
these genes. Analysis of common sequence elements in the
promoters of the ADH genes of maize and Arabidopsis and
of the other anaerobic stress genes has led to the identifi-
cation of an anaerobic stress element and a G-box element
that bind cis-acting transcription factors leading to the tran-
scriptional activation of these genes. However, the exact
details of how oxygen deficiency is sensed, how the signal
is transduced through elevations in cytosolic Ca2+ leading
to alterations in the transcription of specific genes, remains
to be determined.

Note also that there is strong evidence that some type of
translational control of anaerobic stress genes is also occur-
ring. The efficiency with which mRNAs for non-anaerobic
stress–regulated genes are translated following hypoxic
stress is dramatically lower than that of stress-regulated
genes such as ADH.

SUMMARY
Stress is usually defined as an external factor that exerts a
disadvantageous influence on the plant. Under both nat-
ural and agricultural conditions, plants are exposed to

unfavorable environments that result in some degree of
stress. Water deficit, heat stress and heat shock, chilling and
freezing, salinity, and oxygen deficiency are major stress
factors restricting plant growth such that biomass or agro-
nomic yields at the end of the season express only a frac-
tion of the plant’s genetic potential.

The capacity of plants to cope with unfavorable envi-
ronments is known as stress resistance. Plant adaptations
that confer stress resistance, such as CAM metabolism, are
genetically determined. Acclimation improves resistance
as a result of prior exposure of a plant to stress.

Drought resistance mechanisms vary with climate and
soil conditions. Indeterminate growth patterns such as that
of sorghum and soybean allow these species to take advan-
tage of late-occurring rains; plants with a determinate
growth pattern, such as that of corn, lack that form of resis-
tance to water stress. Inhibition of leaf expansion is one of
the earliest responses to water stress, occurring when
decreases in turgor ensuing from water deficit reduce or
eliminate the driving force for cell and leaf expansion.
Additional stress resistance mechanisms in response to
water stress include leaf abscission, root extension into
deeper, wetter soil, and stomatal closure.

Stress caused by water deficit leads to the expression of
sets of genes involved in acclimation and adaptation to the
stress. These genes mediate the cellular and whole-plant
responses described here. The sensing and activation of sig-
nal transduction cascades mediating these changes in gene
expression involve both an ABA-dependent pathway and
an ABA-independent pathway.

Heat stress and heat shock are caused by high tempera-
tures. Some CAM species can tolerate temperatures of 60
to 65°C, but most leaves are damaged above 45°C. The
temperature of actively transpiring leaves is usually lower
than air temperature, but water deficit curtails transpira-
tion and causes overheating and heat stress. Heat stress
inhibits photosynthesis and impairs membrane function
and protein stability. 

Adaptations that confer heat resistance include
responses that decrease light absorption by the leaves, such
as leaf rolling, and a decrease in leaf size that minimizes
boundary layer resistance and increases conductive heat
loss. Heat shock proteins synthesized at high temperatures
act as molecular chaperones that promote stabilization and
correct folding of cell proteins, and biochemical responses
leading to pH and metabolic homeostasis are also associ-
ated with acclimation and adaptation to rapid rises in tem-
perature.

Chilling and freezing stress ensue from low tempera-
tures. Chilling injury occurs at temperatures that are too
low for normal growth but are above freezing, and it is typ-
ical of species of tropical or subtropical origin exposed to
temperate climates. Chilling injuries include slow growth,
leaf lesions, and wilting. The primary cause of most chill-
ing injuries is the loss of membrane properties ensuing
from changes in membrane fluidity. Membrane lipids of
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chilling-resistant plants often have a greater proportion of
unsaturated fatty acids than those of chilling-sensitive
plants. 

Freezing injury is associated primarily with damage
caused by ice crystals formed within cells and organs.
Freezing-resistant species have mechanisms that limit the
growth of ice crystals to extracellular spaces. Mechanisms
that confer the resistance to freezing that is typical of
woody plants include dehydration and supercooling.

Cold stress reduces water activity and leads to osmotic
stress within the cells. This osmotic stress effect leads to the
activation of osmotic stress–related signaling pathways,
and the accumulation of proteins involved in cold accli-
mation. Other cold specific, non-osmotic stress–related
genes are also activated. Transgenic plants overexpressing
cold stress–activated signaling components demonstrate
increased cold tolerance.

Salinity stress results from salt accumulation in the soil.
Some halophyte species are highly tolerant to salt, but
salinity depresses growth and photosynthesis in sensitive
species. Salt injury ensues from a decrease in the water
potential of the soil that makes soil water less available and
from toxicity of specific ions accumulated at injurious con-
centrations. Plants avoid salt injury by exclusion of excess
ions from leaves or by compartmentation of ions in vac-
uoles. Some of the molecular determinants of Na+ exclu-
sion and vacuolar partitioning have been determined, and
a signaling pathway, the SOS pathway, regulating the
expression of these genes involved in ion homeostasis has
been established.

Oxygen deficiency is typical of flooded or waterlogged
soils. Oxygen deficiency depresses growth and survival of
many species. On the other hand, plants of marshes and
swamps, and crops such as rice, are well adapted to resist
oxygen deficiency in the root environment. Most tissues of
higher plants cannot survive anaerobically, but some tis-
sues, such as the embryo and coleoptiles from rice, can sur-
vive for weeks under anoxic conditions. The metabolic
pathways for resisting anoxic damage and their regulation
have been uncovered.

Web Material

Web Topics
25.1 Stomatal Conductance and Yields of Irrigated

Crops

Stomatal conductance predicts yields of irrigat-
ed crops grown in hot environments.

25.2 Membrane Lipids and Low Temperatures

Lipid enzymes from mutant and transgenic
plants mimic the effects of low-temperature
acclimation.

25.3 Ice Formation in Higher-Plant Cells

Heat is released when ice forms in intercellular
spaces.

25.4 Ca2+ Signaling and Activation of the Salt
Overly Sensitive (SOS) Signal Pathway

Three genetically linked loci control ion homeo-
stasis and salt tolerance.

25.5 Na+ Transport across the Plasma Membrane
and Vacuolar Compartmentation

SOS1 is an Na+–H+ antiporter that controls Na+

fluxes across the plasma membrane.

25.6 Gene Transfer and Stress Tolerance

Transgenic plants are valuable tools for study-
ing stress tolerance.

Web Essay
25.1 The Effect of Air Pollution on Plants

Polluting gases inhibit stomatal conductance,
photosynthesis, and growth.
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