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PHOTOSYNTHESIS PROVIDES the organic building blocks that plants
(and nearly all other life) depend on. Respiration, with its associated car-
bon metabolism, releases the energy stored in carbon compounds in a
controlled manner for cellular use. At the same time it generates many
carbon precursors for biosynthesis. In the first part of this chapter we
will review respiration in its metabolic context, emphasizing the inter-
connections and the special features that are peculiar to plants. We will
also relate respiration to recent developments in our understanding of
the biochemistry and molecular biology of plant mitochondria.

In the second part of the chapter we will describe the pathways of
lipid biosynthesis that lead to the accumulation of fats and oils, which
many plants use for storage. We will also examine lipid synthesis and
the influence of lipids on membrane properties. Finally, we will discuss
the catabolic pathways involved in the breakdown of lipids and the con-
version of the degradation products to sugars that occurs during seed
germination.

OVERVIEW OF PLANT RESPIRATION
Aerobic (oxygen-requiring) respiration is common to nearly all eukary-
otic organisms, and in its broad outlines, the respiratory process in plants
is similar to that found in animals and lower eukaryotes. However, some
specific aspects of plant respiration distinguish it from its animal coun-
terpart. Aerobic respiration is the biological process by which reduced
organic compounds are mobilized and subsequently oxidized in a con-
trolled manner. During respiration, free energy is released and tran-
siently stored in a compound, ATP, which can be readily utilized for the
maintenance and development of the plant.

Glucose is most commonly cited as the substrate for respiration. How-
ever, in a functioning plant cell the reduced carbon is derived from
sources such as the disaccharide sucrose, hexose phosphates and triose
phosphates from starch degradation and photosynthesis, fructose-con-
taining polymers (fructans), and other sugars, as well as lipids (primar-
ily triacylglycerols), organic acids, and on occasion, proteins (Figure 11.1).



From a chemical standpoint, plant respiration can be
expressed as the oxidation of the 12-carbon molecule
sucrose and the reduction of 12 molecules of O2:

C12H22O11 + 13 H2O → 12 CO2 + 48 H+ + 48 e–

12 O2 + 48 H+ + 48 e– → 24 H2O 

giving the following net reaction: 

C12H22O11 + 12 O2 → 12 CO2 + 11 H2O

This reaction is the reversal of the photosynthetic
process; it represents a coupled redox reaction in which
sucrose is completely oxidized to CO2 while oxygen serves
as the ultimate electron acceptor, being reduced to water.
The standard free-energy decrease for the reaction as writ-
ten is 5760 kJ (1380 kcal) per mole (342 g) of sucrose oxi-
dized. The controlled release of this free energy, along with
its coupling to the synthesis of ATP, is the primary, though
by no means only, role of respiratory metabolism.

To prevent damage (incineration) of cellular structures, the
cell mobilizes the large amount of free energy released in the
oxidation of sucrose in a series of step-by-step reactions.
These reactions can be grouped into four major processes:

glycolysis, the citric acid cycle, the reactions of the pentose
phosphate pathway, and oxidative phosphorylation. The sub-
strates of respiration enter the respiratory process at different
points in the pathways, as summarized in Figure 11.1:

• Glycolysis involves a series of reactions carried out
by a group of soluble enzymes located in both the
cytosol and the plastid. A sugar—for example,
sucrose—is partly oxidized via six-carbon sugar phos-
phates (hexose phosphates) and three-carbon sugar
phosphates (triose phosphates) to produce an organic
acid—for example, pyruvate. The process yields a
small amount of energy as ATP, and reducing power
in the form of a reduced pyridine nucleotide, NADH.

• In the pentose phosphate pathway, also located both
in the cytosol and the plastid, the six-carbon glucose-
6-phosphate is initially oxidized to the five-carbon
ribulose-5-phosphate. The carbon is lost as CO2, and
reducing power is conserved in the form of two mol-
ecules of another reduced pyridine nucleotide,
NADPH. In the following near-equilibrium reactions,
ribulose-5-phosphate is converted into three- to
seven-carbon sugars.

FIGURE 11.1 Overview of respira-
tion. Substrates for respiration are
generated by other cellular
processes and enter the respiratory
pathways. Glycolysis and the pen-
tose phosphate pathways in the
cytosol and plastid convert sugars
to organic acids, via hexose phos-
phates and triose phosphates, gen-
erating NADH or NADPH and
ATP. The organic acids are oxi-
dized in the mitochondrial citric
acid cycle, and the NADH and
FADH2 produced provide the
energy for ATP synthesis by the
electron transport chain and ATP
synthase in oxidative phosphoryla-
tion. In gluconeogenesis, carbon
from lipid breakdown is broken
down in the glyoxysomes, metabo-
lized in the citric acid cycle, and
then used to synthesize sugars in
the cytosol by reverse glycolysis.
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• In the citric acid cycle, pyruvate is oxidized com-
pletely to CO2, and a considerable amount of reduc-
ing power (16 NADH + 4 FADH2 equivalents per
sucrose) is generated in the process. With one excep-
tion (succinate dehydrogenase), these reactions
involve a series of enzymes located in the internal
aqueous compartment, or matrix, of the mitochon-
drion (see Figure 11.5). As we will discuss later, suc-
cinate dehydrogenase is localized in the inner of the
two mitochondrial membranes.

• In oxidative phosphorylation, electrons are trans-
ferred along an electron transport chain, consisting
of a collection of electron transport proteins bound to
the inner of the two mitochondrial membranes. This
system transfers electrons from NADH (and related

species)—produced during glycolysis, the pentose
phosphate pathway, and the citric acid cycle—to oxy-
gen. This electron transfer releases a large amount of
free energy, much of which is conserved through the
synthesis of ATP from ADP and Pi (inorganic phos-
phate) catalyzed by the enzyme ATP synthase. Col-
lectively the redox reactions of the electron transport
chain and the synthesis of ATP are called oxidative
phosphorylation. This final stage completes the oxi-
dation of sucrose.

Nicotinamide adenine dinucleotide (NAD+/NADH) is
an organic cofactor (coenzyme) associated with many
enzymes that catalyze cellular redox reactions. NAD+ is the
oxidized form of the cofactor, and it undergoes a reversible
two-electron reaction that yields NADH (Figure 11.2):
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FIGURE 11.2 Structures and reactions of the major electron-
carrying cofactors involved in respiratory bioenergetics. (A)
Reduction of NAD(P)+ to NAD(P)H; (B) Reduction of FAD
to FADH2. FMN is identical to the flavin part of FAD and is
shown in the dashed box. Blue shaded areas show the por-
tions of the molecules that are involved in the redox reaction.
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NAD+ + 2 e– + H+ → NADH

The standard reduction potential for this redox couple is
about –320 mV, which makes it a relatively strong reduc-
tant (i.e., electron donor). NADH is thus a good molecule
in which to conserve the free energy carried by electrons
released during the stepwise oxidations of glycolysis and
the citric acid cycle. A related compound, nicotinamide
adenine dinucleotide phosphate (NADP+/NADPH), func-
tions in redox reactions of photosynthesis (see Chapter 8)
and of the oxidative pentose phosphate pathway; it also
takes part in mitochondrial metabolism (Møller and Ras-
musson 1998). This will be discussed later in the chapter.

The oxidation of NADH by oxygen via the electron
transport chain releases free energy (220 kJ mol–1, or 52 kcal
mol–1) that drives the synthesis of ATP. We can now for-
mulate a more complete picture of respiration as related to
its role in cellular energy metabolism by coupling the fol-
lowing two reactions:

C12H22O11 + 12 O2 → 12 CO2 + 11 H2O

60 ADP + 60 Pi → 60 ATP + 60 H2O

Keep in mind that not all the carbon that enters the res-
piratory pathway ends up as CO2. Many respiratory inter-
mediates are the starting points for pathways that assimi-
late nitrogen into organic form, pathways that synthesize
nucleotides and lipids, and many others (see Figure 11.13).

GLYCOLYSIS: A CYTOSOLIC AND
PLASTIDIC PROCESS
In the early steps of glycolysis (from the Greek words
glykos, “sugar,” and lysis, “splitting”), carbohydrates are
converted to hexose phosphates, which are then split into
two triose phosphates. In a subsequent energy-conserving
phase, the triose phosphates are oxidized and rearranged
to yield two molecules of pyruvate, an organic acid.
Besides preparing the substrate for oxidation in the citric
acid cycle, glycolysis yields a small amount of chemical
energy in the form of ATP and NADH.

When molecular oxygen is unavailable—for example, in
plant roots in flooded soils—glycolysis can be the main
source of energy for cells. For this to work, the fermenta-
tion pathways, which are localized in the cytosol, reduce
pyruvate to recycle the NADH produced by glycolysis. In
this section we will describe the basic glycolytic and fer-
mentative pathways, emphasizing features that are specific
for plant cells. We will end by discussing the pentose phos-
phate pathway.

Glycolysis Converts Carbohydrates into Pyruvate,
Producing NADH and ATP
Glycolysis occurs in all living organisms (prokaryotes and
eukaryotes). The principal reactions associated with the

classic glycolytic and fermentative pathways in plants are
almost identical with those of animal cells (Figure 11.3).
However, plant glycolysis has unique regulatory features,
as well as a parallel partial glycolytic pathway in plastids
and alternative enzymatic routes for several cytosolic steps.
In animals the substrate of glycolysis is glucose and the end
product pyruvate. Because sucrose is the major translo-
cated sugar in most plants and is therefore the form of car-
bon that most nonphotosynthetic tissues import, sucrose
(not glucose) can be argued to be the true sugar substrate
for plant respiration. The end products of plant glycolysis
include another organic acid, malate.

In the early steps of glycolysis, sucrose is broken down
into the two monosaccharides—glucose and fructose—
which can readily enter the glycolytic pathway. Two path-
ways for the degradation of sucrose are known in plants,
both of which also take part in the unloading of sucrose
from the phloem (see Chapter 10).

In most plant tissues sucrose synthase, localized in the
cytosol, is used to degrade sucrose by combining sucrose
with UDP to produce fructose and UDP-glucose. UDP-glu-
cose pyrophosphorylase then converts UDP-glucose and
pyrophosphate (PPi) into UTP and glucose-6-phosphate
(see Figure 11.3). In some tissues, invertases present in the
cell wall, vacuole, or cytosol hydrolyze sucrose to its two
component hexoses (glucose and fructose). The hexoses are
then phosphorylated in a reaction that uses ATP. Whereas
the sucrose synthase reaction is close to equilibrium, the
invertase reaction releases sufficient energy to be essentially
irreversible.

Plastids such as chloroplasts or amyloplasts (see Chap-
ter 1) can also supply substrates for glycolysis. Starch is
synthesized and catabolized only in plastids (see Chapter
8), and carbon obtained from starch degradation enters the
glycolytic pathway in the cytosol primarily as hexose phos-
phate (which is translocated out of amyloplasts) or triose
phosphate (which is translocated out of chloroplasts). Pho-
tosynthetic products can also directly enter the glycolytic
pathway as triose phosphate (Hoefnagel et al. 1998).

Plastids convert starch into triose phosphates using a
separate set of glycolytic isozymes that convert hexose
phosphates to triose phosphates. All the enzymes shown in
Figure 11.3 have been measured at levels sufficient to sup-
port the respiration rates observed in intact plant tissues.

In the initial phase of glycolysis, each hexose unit is
phosphorylated twice and then split, eventually producing
two molecules of triose phosphate. This series of reactions
consumes two to four molecules of ATP per sucrose unit,
depending on whether the sucrose is split by sucrose syn-
thase or invertase. These reactions also include two of the
three essentially irreversible reactions of the glycolytic
pathway that are catalyzed by hexokinase and phospho-
fructokinase (see Figure 11.3). The phosphofructokinase
reaction is one of the control points of glycolysis in both
plants and animals.
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The energy-conserving phase of glycolysis. The reac-
tions discussed thus far transfer carbon from the various
substrate pools into triose phosphates. Once glyceralde-
hyde-3-phosphate is formed, the glycolytic pathway can
begin to extract usable energy in the energy-conserving
phase. The enzyme glyceraldehyde-3-phosphate dehydro-
genase catalyzes the oxidation of the aldehyde to a car-
boxylic acid, reducing NAD+ to NADH. This reaction
releases sufficient free energy to allow the phosphorylation
(using inorganic phosphate) of glyceraldehyde-3-phos-
phate to produce 1,3-bisphosphoglycerate. The phospho-
rylated carboxylic acid on carbon 1 of 1,3-bisphosphoglyc-
erate (see Figure 11.3) has a large standard free energy 
of hydrolysis (–49.3 kJ mol–1, or –11.8 kcal mol–1). Thus, 
1,3-bisphosphoglycerate is a strong donor of phosphate
groups.

In the next step of glycolysis, catalyzed by phospho-
glycerate kinase, the phosphate on carbon 1 is transferred
to a molecule of ADP, yielding ATP and 3-phosphoglycer-
ate. For each sucrose entering the pathway, four ATPs are
generated by this reaction—one for each molecule of 1,3-
bisphosphoglycerate.

This type of ATP synthesis, traditionally referred to as
substrate-level phosphorylation, involves the direct trans-
fer of a phosphate group from a substrate molecule to ADP,
to form ATP. As we will see, ATP synthesis by substrate-
level phosphorylation is mechanistically distinct from ATP
synthesis by ATP synthases involved in the oxidative phos-
phorylation in mitochondria (which will be described later
in this chapter) or photophosphorylation in chloroplasts
(see Chapter 7).

In the following reaction, the phosphate on 3-phospho-
glycerate is transferred to carbon 2 and a molecule of water
is removed, yielding the compound phosphoenylpyruvate
(PEP). The phosphate group on PEP has a high standard
free energy of hydrolysis (–61.9 kJ mol–1, or –14.8 kcal
mol–1), which makes PEP an extremely good phosphate
donor for ATP formation. Using PEP as substrate, the
enzyme pyruvate kinase catalyzes a second substrate-level
phosphorylation to yield ATP and pyruvate. This final step,
which is the third essentially irreversible step in glycolysis,
yields four additional molecules of ATP for each sucrose
that enters the pathway.

Plants Have Alternative Glycolytic Reactions
The sequence of reactions leading to the formation of pyru-
vate from glucose occurs in all organisms that carry out
glycolysis. In addition, organisms can operate this pathway
in the opposite direction to synthesize sugar from organic
acids. This process is known as gluconeogenesis.

Gluconeogenesis is not common in plants, but it does
operate in the seeds of some plants, such as castor bean and
sunflower, that store a significant quantity of their carbon
reserves in the form of oils (triacylglycerols). After the seed
germinates, much of the oil is converted by gluconeogene-

sis to sucrose, which is then used to support the growing
seedling. In the initial phase of glycolysis, gluconeogenesis
overlaps with the pathway for synthesis of sucrose from
photosynthetic triose phosphate described in Chapter 8,
which is typical for plants.

Because the glycolytic reaction catalyzed by ATP-
dependent phosphofructokinase is essentially irreversible
(see Figure 11.3), an additional enzyme, fructose-1,6-bis-
phosphatase, converts fructose-1,6-bisphosphate to fruc-
tose-6-phosphate and Pi during gluconeogenesis. ATP-
dependent phosphofructokinase and fructose-1,6-bis-
phosphatase represent a major control point of carbon flux
through the glycolytic/gluconeogenic pathways in both
plants and animals, as well as in sucrose synthesis in
plants (see Chapter 8).

In plants, the interconversion of fructose-6-phosphate
and fructose-1,6-bisphosphate is made more complex by
the presence of an additional (cytosolic) enzyme, a PPi-
dependent phosphofructokinase (pyrophosphate:fructose-
6-phosphate 1-phosphotransferase), which catalyzes the
following reversible reaction (see Figure 11.3):

Fructose-6-P + PPi ↔ fructose-1,6-P2 + Pi

where P represents phosphate and P2 bisphosphate. PPi-
dependent phosphofructokinase is found in the cytosol of
most plant tissues at levels that are considerably higher
than those of the ATP-dependent phosphofructokinase
(Kruger 1997). Suppression of the PPi-dependent phos-
phofructokinase in transgenic potato has indicated that it
contributes to glycolytic flux, but that it is not essential for
plant survival, indicating that other enzymes can take over
its function.

The reaction catalyzed by the PPi-dependent phospho-
fructokinase is readily reversible, but it is unlikely to oper-
ate in sucrose synthesis (Dennis and Blakely 2000). Like
ATP-dependent phosphofructokinase and fructose bis-
phosphatase, this enzyme appears to be regulated by fluc-
tuations in cell metabolism (discussed later in the chapter),
suggesting that under some circumstances operation of the
glycolytic pathway in plants differs from that in many
other organisms.

At the end of the glycolytic sequence, plants have alter-
native pathways for metabolizing PEP. In one pathway
PEP is carboxylated by the ubiquitous cytosolic enzyme
PEP carboxylase to form the organic acid oxaloacetate
(OAA). The OAA is then reduced to malate by the action
of malate dehydrogenase, which uses NADH as the source
of electrons, and this performs a role similar to that of the
dehydrogenases during fermentative metabolism (see Fig-
ure 11.3). The resulting malate can be stored by export to
the vacuole or transported to the mitochondrion, where it
can enter the citric acid cycle. Thus the operation of pyru-
vate kinase and PEP carboxylase can produce alternative
organic acids—pyruvate or malate—for mitochondrial res-
piration, though pyruvate dominates in most tissues.
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In the Absence of O2, Fermentation Regenerates
the NAD+ Needed for Glycolysis
In the absence of oxygen, the citric acid cycle and oxida-
tive phosphorylation cannot function. Glycolysis thus can-
not continue to operate because the cell’s supply of NAD+

is limited, and once all the NAD+ becomes tied up in the
reduced state (NADH), the reaction catalyzed by glycer-
aldehyde-3-phosphate dehydrogenase cannot take place.
To overcome this problem, plants and other organisms can
further metabolize pyruvate by carrying out one or more
forms of fermentative metabolism (see Figure 11.3).

In alcoholic fermentation (common in plants, but more
widely known from brewer ’s yeast), the two enzymes

pyruvate decarboxylase and alcohol dehydrogenase act on
pyruvate, ultimately producing ethanol and CO2 and oxi-
dizing NADH in the process. In lactic acid fermentation
(common to mammalian muscle but also found in plants),
the enzyme lactate dehydrogenase uses NADH to reduce
pyruvate to lactate, thus regenerating NAD+.

Under some circumstances, plant tissues may be sub-
jected to low (hypoxic) or zero (anoxic) concentrations of
ambient oxygen, forcing them to carry out fermentative
metabolism. The best-studied example involves flooded
or waterlogged soils in which the diffusion of oxygen is
sufficiently reduced to cause root tissues to become
hypoxic.

In corn the initial response to low oxygen is lactic acid
fermentation, but the subsequent response is alcoholic fer-
mentation. Ethanol is thought to be a less toxic end prod-
uct of fermentation because it can diffuse out of the cell,
whereas lactate accumulates and promotes acidification of
the cytosol. In numerous other cases plants function under
near-anaerobic conditions by carrying out some form of
fermentation.

Fermentation Does Not Liberate All the Energy
Available in Each Sugar Molecule
Before we leave the topic of glycolysis, we need to con-
sider the efficiency of fermentation. Efficiency is defined
here as the energy conserved as ATP relative to the energy
potentially available in a molecule of sucrose. The stan-
dard free-energy change (∆G0′) for the complete oxidation
of sucrose is –5760 kJ mol–1 (1380 kcal mol–1). The value of
∆G0′ for the synthesis of ATP is 32 kJ mol–1 (7.7 kcal mol–1).
However, under the nonstandard conditions that normally
exist in both mammalian and plant cells, the synthesis of
ATP requires an input of free energy of approximately 50
kJ mol–1 (12 kcal mol–1). (For a discussion of free energy,
see Chapter 2 on the web site.)

Given the net synthesis of four molecules of ATP for
each sucrose molecule that is converted to ethanol (or lac-
tate), the efficiency of anaerobic fermentation is only about
4%. Most of the energy available in sucrose remains in the
reduced by-product of fermentation: lactate or ethanol.
During aerobic respiration, the pyruvate produced by gly-
colysis is transported into mitochondria, where it is fur-
ther oxidized, resulting in a much more efficient conver-
sion of the free energy originally available in the sucrose.

Because of the low efficiency of energy conservation
under fermentation, an increased rate of glycolysis is
needed to sustain the ATP production necessary for cell
survival. This is called the Pasteur effect after the French
microbiologist Louis Pasteur, who first noted it when yeast
switched from aerobic respiration to anaerobic alcoholic
fermentation. The higher rates of glycolysis result from
changes in glycolytic metabolite levels, as well as from
increased expression of genes encoding enzymes of gly-
colysis and fermentation (Sachs et al. 1996).
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Plant Glycolysis Is Controlled by Its Products
In vivo, glycolysis appears to be regulated at the level of fruc-
tose-6-phosphate phosphorylation and PEP turnover (see
Web Essay 11.1). In contrast to animals, AMP and ATP are
not major effectors of plant phosphofructokinase and pyru-
vate kinase. The cytosolic concentration of PEP, which is a
potent inhibitor of the plant ATP-dependent phosphofruc-
tokinase, is a more important regulator of plant glycolysis.

This inhibitory effect of PEP on phosphofructokinase is
strongly decreased by inorganic phosphate, making the
cytosolic ratio of PEP to Pi a critical factor in the control of
plant glycolytic activity. Pyruvate kinase and PEP car-
boxylase, the enzymes that metabolize PEP in the last steps
of glycolysis (see Figure 11.3), are in turn sensitive to feed-
back inhibition by citric acid cycle intermediates and their
derivatives, including malate, citrate, 2-oxoglutarate, and
glutamate.

In plants, therefore, the control of glycolysis comes from
the “bottom up” (see Figure 11.12), with primary regula-
tion at the level of PEP metabolism by pyruvate kinase and
PEP carboxylase and secondary regulation exerted by PEP
at the conversion of fructose-6-phosphate to fructose-1,6-
bisphosphate (see Figure 11.3). In animals, the primary con-
trol operates at the phosphofructokinase, and secondary
control at the pyruvate kinase.

One conceivable benefit of bottom-up control of glyco-
lysis is that it permits plants to control net glycolytic flux
to pyruvate independently of related metabolic processes
such as the Calvin cycle and sucrose–triose phosphate–
starch interconversion (Plaxton 1996). Another benefit of
this control mechanism is that glycolysis may adjust to the
demand for biosynthetic precursors.

The presence of two enzymes metabolizing PEP in plant
cells—pyruvate kinase and PEP carboxylase—has conse-
quences for the control of glycolysis that are not quite clear.
Though the two enzymes are inhibited by similar metabo-
lites, the PEP carboxylase can under some conditions per-
form a bypass reaction around the pyruvate kinase. The
resulting malate can then enter the mitochondrial citric acid
cycle. Hence, the bottom-up regulation enables a high flex-
ibility in the control of plant glycolysis.

Experimental support for multiple pathways of PEP
metabolism comes from the study of transgenic tobacco
plants with less than 5% of the normal level of cytosolic
pyruvate kinase in their leaves (Plaxton 1996). In these
plants, rates of both leaf respiration and photosynthesis
were unaffected relative to controls having wild-type lev-
els of pyruvate kinase. However, reduced root growth in
the transgenic plants indicated that the pyruvate kinase
reaction could not be circumvented without some detri-
mental effects.

The regulation of the conversion of fructose-6-phos-
phate to fructose-1,6-bisphosphate is also complex. Fruc-
tose-2,6-bisphosphate, another hexose bisphosphate, is pre-
sent at varying levels in the cytosol (see Chapter 8). It

markedly inhibits the activity of cytosolic fructose-1,6-bis-
phosphatase but stimulates the activity of PPi-dependent
phosphofructokinase. These observations suggest that fruc-
tose-2,6-bisphosphate plays a central role in partitioning
flux between ATP-dependent and PPi-dependent pathways
of fructose phosphate metabolism at the crossing point
between sucrose synthesis and glycolysis.

Understanding of the fine levels of glycolysis regulation
requires the study of temporal changes in metabolite lev-
els (Givan 1999). Methods are now available by rapid
extraction and simultaneous analyses of many metabo-
lites—for example, by mass spectrometry—an approach
called metabolic profiling (see Web Essay 11.2).

The Pentose Phosphate Pathway Produces NADPH
and Biosynthetic Intermediates
The glycolytic pathway is not the only route available for
the oxidation of sugars in plant cells. Sharing common
metabolites, the oxidative pentose phosphate pathway
(also known as the hexose monophosphate shunt) can also
accomplish this task (Figure 11.4). The reactions are carried
out by soluble enzymes present in the cytosol and in plas-
tids. Generally, the pathway in plastids predominates over
the cytosolic pathway (Dennis et al. 1997).

The first two reactions of this pathway involve the
oxidative events that convert the six-carbon glucose-6-
phosphate to a five-carbon sugar, ribulose-5-phosphate,
with loss of a CO2 molecule and generation of two mole-
cules of NADPH (not NADH). The remaining reactions of
the pathway convert ribulose-5-phosphate to the glycolytic
intermediates glyceraldehyde-3-phosphate and fructose-6-
phosphate. Because glucose-6-phosphate can be regener-
ated from glyceraldehyde-3-phosphate and fructose-6-
phosphate by glycolytic enzymes, for six turns of the cycle
we can write the reaction as follows:

6 glucose-6-P + 12 NADP+ + 7 H2O → 
5 glucose-6-P + 6 CO2 + Pi + 12 NADPH + 12 H+

The net result is the complete oxidation of one glucose-6-
phosphate molecule to CO2 with the concomitant synthe-
sis of 12 NADPH molecules.

Studies of the release of 14CO2 from isotopically labeled
glucose indicate that glycolysis is the more dominant
breakdown pathway, accounting for 80 to 95% of the total
carbon flux in most plant tissues. However, the pentose
phosphate pathway does contribute to the flux, and devel-
opmental studies indicate that its contribution increases as
plant cells develop from a meristematic to a more differ-
entiated state (Ap Rees 1980). The oxidative pentose phos-
phate pathway plays several roles in plant metabolism:

• The product of the two oxidative steps is NADPH,
and this NADPH is thought to drive reductive steps
associated with various biosynthetic reactions that
occur in the cytosol. In nongreen plastids, such as
amyloplasts, and in chloroplasts functioning in the
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dark, the pathway may also supply NADPH for
biosynthetic reactions such as lipid biosynthesis and
nitrogen assimilation.

• Because plant mitochondria are able to oxidize
cytosolic NADPH via an NADPH dehydrogenase
localized on the external surface of the inner mem-
brane, some of the reducing power generated by this
pathway may contribute to cellular energy metabo-
lism; that is, electrons from NADPH may end up
reducing O2 and generating ATP.

• The pathway produces ribose-5-phosphate, a precur-
sor of the ribose and deoxyribose needed in the syn-
thesis of RNA and DNA, respectively.

• Another intermediate in this pathway, the four-car-
bon erythrose-4-phosphate, combines with PEP in the
initial reaction that produces plant phenolic com-
pounds, including the aromatic amino acids and the
precursors of lignin, flavonoids, and phytoalexins
(see Chapter 13).

• During the early stages of greening, before leaf tis-
sues become fully photoautotrophic, the oxidative
pentose phosphate pathway is thought to be
involved in generating Calvin cycle intermediates.

Control of the oxidative pathway. The oxidative pen-
tose phosphate pathway is controlled by the initial reaction
of the pathway catalyzed by glucose-6-phosphate dehy-
drogenase, the activity of which is markedly inhibited by
a high ratio of NADPH to NADP+.

In the light, however, little operation of the oxidative
pathway is likely to occur in the chloroplast because the
end products of the pathway, fructose-6-phosphate and
glyceraldehyde-3-phosphate, are being synthesized by the
Calvin cycle. Thus, mass action will drive the nonoxidative
interconversions of the pathway in the direction of pentose
synthesis. Moreover, glucose-6-phosphate dehydrogenase
will be inhibited during photosynthesis by the high ratio
of NADPH to NADP+ in the chloroplast, as well as by a
reductive inactivation involving the ferredoxin–thioredoxin
system (see Chapter 8).

THE CITRIC ACID CYCLE: A
MITOCHONDRIAL MATRIX PROCESS
During the nineteenth century, biologists discovered that
in the absence of air, cells produce ethanol or lactic acid,
whereas in the presence of air, cells consume O2 and pro-
duce CO2 and H2O. In 1937 the German-born British bio-
chemist Hans A. Krebs reported the discovery of the cit-
ric acid cycle—also called the tricarboxylic acid cycle or Krebs
cycle. The elucidation of the citric acid cycle not only
explained how pyruvate is broken down to CO2 and H2O;
it also highlighted the key concept of cycles in metabolic

pathways. For his discovery, Hans Krebs was awarded the
Nobel Prize in physiology and medicine in 1953.

Because the citric acid cycle is localized in the matrix of
mitochondria, we will begin with a general description of
mitochondrial structure and function, knowledge obtained
mainly through experiments on isolated mitochondria (see
Web Topic 11.1). We will then review the steps of the citric
acid cycle, emphasizing the features that are specific to
plants. For all plant-specific properties, we will consider
how they affect respiratory function.

Mitochondria Are Semiautonomous Organelles
The breakdown of sucrose to pyruvate releases less than
25% of the total energy in sucrose; the remaining energy is
stored in the two molecules of pyruvate. The next two
stages of respiration (the citric acid cycle and oxidative
phosphorylation—i.e., electron transport coupled to ATP
synthesis) take place within an organelle enclosed by a dou-
ble membrane, the mitochondrion (plural mitochondria).

In electron micrographs, plant mitochondria—whether
in situ or in vitro—usually look spherical or rodlike (Fig-
ure 11.5), ranging from 0.5 to 1.0 µm in diameter and up to
3 µm in length (Douce 1985). With some exceptions, plant
cells have a substantially lower number of mitochondria
than that found in a typical animal cell. The number of
mitochondria per plant cell varies, and it is usually directly
related to the metabolic activity of the tissue, reflecting the
mitochondrial role in energy metabolism. Guard cells, for
example, are unusually rich in mitochondria.

The ultrastructural features of plant mitochondria are
similar to those of mitochondria in nonplant tissues (see
Figure 11.5). Plant mitochondria have two membranes: a
smooth outer membrane that completely surrounds a
highly invaginated inner membrane. The invaginations of
the inner membrane are known as cristae (singular crista).
As a consequence of the greatly enlarged surface area, the
inner membrane can contain more than 50% of the total
mitochondrial protein. The aqueous phase contained
within the inner membrane is referred to as the mitochon-
drial matrix (plural matrices), and the region between the
two mitochondrial membranes is known as the intermem-
brane space.

Intact mitochondria are osmotically active; that is, they
take up water and swell when placed in a hypo-osmotic
medium. Most inorganic ions and charged organic mole-
cules are not able to diffuse freely into the matrix space.
The inner membrane is the osmotic barrier; the outer mem-
brane is permeable to solutes that have a molecular mass
of less than approximately 10,000 Da (i.e., most cellular
metabolites and ions, but not proteins). The lipid fraction
of both membranes is primarily made up of phospholipids,
80% of which are either phosphatidylcholine or phos-
phatidylethanolamine.

Like chloroplasts, mitochondria are semiautonomous
organelles because they contain ribosomes, RNA, and

232 Chapter 11



DNA, which encodes a limited number of mitochondrial
proteins. Plant mitochondria are thus able to carry out the
various steps of protein synthesis and to transmit their
genetic information. Mitochondria proliferate through the
division by fission of preexisting mitochondria and not
through de novo biogenesis of the organelle.

Pyruvate Enters the Mitochondrion and Is
Oxidized via the Citric Acid Cycle
As already noted, the citric acid cycle is also known as the
tricarboxylic acid cycle, because of the importance of the
tricarboxylic acids citric acid (citrate) and isocitric acid
(isocitrate) as early intermediates (Figure 11.6). This cycle
constitutes the second stage in respiration and takes place
in the mitochondrial matrix. Its operation requires that the
pyruvate generated in the cytosol during glycolysis be
transported through the impermeable inner mitochondrial
membrane via a specific transport protein (as will be
described shortly).

Once inside the mitochondrial matrix, pyruvate is decar-
boxylated in an oxidation reaction by the enzyme pyruvate
dehydrogenase. The products are NADH (from NAD+),
CO2, and acetic acid in the form of acetyl-CoA, in which a
thioester bond links the acetic acid to a sulfur-containing
cofactor, coenzyme A (CoA) (see Figure 11.6). Pyruvate
dehydrogenase exists as a large complex of several enzymes
that catalyze the overall reaction in a three-step process:
decarboxylation, oxidation, and conjugation to CoA.

In the next reaction the enzyme citrate synthase com-
bines the acetyl group of acetyl-CoA with a four-carbon

dicarboxylic acid (oxaloacetate, OAA) to give a six-carbon
tricarboxylic acid (citrate). Citrate is then isomerized to
isocitrate by the enzyme aconitase.

The following two reactions are successive oxidative
decarboxylations, each of which produces one NADH and
releases one molecule of CO2, yielding a four-carbon mol-
ecule, succinyl-CoA. At this point, three molecules of CO2
have been produced for each pyruvate that entered the
mitochondrion, or 12 CO2 for each molecule of sucrose oxi-
dized.

During the remainder of the citric acid cycle, succinyl-
CoA is oxidized to OAA, allowing the continued operation
of the cycle. Initially the large amount of free energy avail-
able in the thioester bond of succinyl-CoA is conserved
through the synthesis of ATP from ADP and Pi via a sub-
strate-level phosphorylation catalyzed by succinyl-CoA
synthetase. (Recall that the free energy available in the
thioester bond of acetyl-CoA was used to form a car-
bon–carbon bond in the step catalyzed by citrate synthase.)
The resulting succinate is oxidized to fumarate by succinate
dehydrogenase, which is the only membrane-associated
enzyme of the citric acid cycle and also part of the electron
transport chain (which is the next major topic to be dis-
cussed in this chapter).

The electrons and protons removed from succinate end
up not on NAD+ but on another cofactor involved in redox
reactions: FAD (flavin adenine dinucleotide). FAD is cova-
lently bound to the active site of succinate dehydrogenase
and undergoes a reversible two-electron reduction to pro-
duce FADH2 (see Figure 11.2).

(B)

Cristae

Intermembrane space(A)

Outer membrane

Inner membrane

Matrix

FIGURE 11.5 Structure of plant mitochondria. (A) Three-dimensional representa-
tion of a mitochondrion, showing the invaginations of the inner membrane that
are called cristae, as well as the location of the matrix and intermembrane spaces
(see also Figure 11.10). (B) Electron micrograph of mitochondria in a mesophyll
cell of Vicia faba. (Photo from Gunning and Steer 1996.)
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In the final two reactions of the citric acid cycle,
fumarate is hydrated to produce malate, which is subse-
quently oxidized by malate dehydrogenase to regenerate
OAA and produce another molecule of NADH. The OAA
produced is now able to react with another acetyl-CoA and
continue the cycling.

The stepwise oxidation of one mole-
cule of pyruvate in the mitochondrion
gives rise to three molecules of CO2,
and much of the free energy released
during these oxidations is conserved in
the form of four NADH and one

FADH2. In addition, one molecule of ATP is produced by a
substrate-level phosphorylation during the citric acid cycle.

All the enzymes associated with the citric acid cycle are
found in plant mitochondria. Some of them may be asso-
ciated in multienzyme complexes, which would facilitate
movement of metabolites between the enzymes.
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FIGURE 11.6 Reactions and enzymes of the plant citric acid cycle. Pyruvate is
completely oxidized to three molecules of CO2. The electrons released during
these oxidations are used to reduce four molecules of NAD+ to NADH and
one molecule of FAD to FADH2.
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The Citric Acid Cycle of Plants Has Unique
Features
The citric acid cycle reactions outlined in Figure 11.6 are not
all identical with those carried out by animal mitochondria.
For example, the step catalyzed by succinyl-CoA syn-
thetase produces ATP in plants and GTP in animals.

A feature of the plant citric acid cycle that is absent in
many other organisms is the significant activity of NAD+

malic enzyme, which has been found in the matrix of all
plant mitochondria analyzed to date. This enzyme cat-
alyzes the oxidative decarboxylation of malate:

Malate + NAD+ → pyruvate + CO2 + NADH

The presence of NAD+ malic enzyme enables plant
mitochondria to operate alternative pathways for the
metabolism of PEP derived from glycolysis. As already
described, malate can be synthesized from PEP in the
cytosol via the enzymes PEP carboxylase and malate dehy-
drogenase (see Figure 11.3). Malate is then transported into
the mitochondrial matrix, where NAD+ malic enzyme can
oxidize it to pyruvate. This reaction makes possible the
complete net oxidation of citric acid cycle intermediates
such as malate (Figure 11.7A) or citrate (Figure 11.7B)
(Oliver and McIntosh 1995).

Alternatively, the malate produced via the PEP car-
boxylase can replace citric acid cycle intermediates used in
biosynthesis. Reactions that can replenish intermediates in
a metabolic cycle are known as anaplerotic. For example,
export of 2-oxoglutarate for nitrogen assimilation in the
chloroplast will cause a shortage of malate needed in the
citrate synthase reaction. This malate can be replaced
through the PEP carboxylase pathway (Figure 11.7C).

The presence of an alternative pathway for the oxidation
of malate is consistent with the observation that many
plants, in addition to those that carry out crassulacean acid
metabolism (see Chapter 8), store significant levels of
malate in their central vacuole.

ELECTRON TRANSPORT AND ATP
SYNTHESIS AT THE INNER
MITOCHONDRIAL MEMBRANE
ATP is the energy carrier used by cells to drive living
processes, and chemical energy conserved during the cit-
ric acid cycle in the form of NADH and FADH2 (redox
equivalents with high-energy electrons) must be converted
to ATP to perform useful work in the cell. This O2-depen-
dent process, called oxidative phosphorylation, occurs in
the inner mitochondrial membrane.

In this section we will describe the process by which the
energy level of the electrons is lowered in a stepwise fash-
ion and conserved in the form of an electrochemical proton
gradient across the inner mitochondrial membrane.
Although fundamentally similar in all aerobic cells, the
electron transport chain of plants (and fungi) contains mul-
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FIGURE 11.7 Malic enzyme and PEP carboxylase provide
plants with metabolic flexibility for the metabolism of
phosphoenolpyruvate. Malic enzyme makes it possible for
plant mitochondria to oxidize both malate (A) and citrate
(B) to CO2 without involving pyruvate delivered by glycol-
ysis. The joint action of PEP carboxylase and pyruvate
kinase can convert glycolytic PEP to 2-oxoglutarate, which
is used for nitrogen assimilation (C).
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tiple NAD(P)H dehydrogenases and an alternative oxidase
not found in mammalian mitochondria.

We will also examine the enzyme that uses the energy
of the proton gradient to synthesize ATP: the FoF1-ATP syn-
thase. After examining the various stages in the production
of ATP, we will summarize the energy conservation steps
at each stage, as well as the regulatory mechanisms that
coordinate the different pathways.

The Electron Transport Chain Catalyzes a Flow of
Electrons from NADH to O2
For each molecule of sucrose oxidized through glycolysis
and the citric acid cycle pathways, 4 molecules of NADH
are generated in the cytosol and 16 molecules of NADH
plus 4 molecules of FADH2 (associated with succinate
dehydrogenase) are generated in the mitochondrial matrix.
These reduced compounds must be reoxidized or the entire
respiratory process will come to a halt.

The electron transport chain catalyzes an electron flow
from NADH (and FADH2) to oxygen, the final electron
acceptor of the respiratory process. For the oxidation of
NADH, the overall two-electron transfer can be written as
follows:

NADH + H+ + 1⁄2 O2 → NAD+ + H2O

From the reduction potentials for the NADH–NAD+

pair (–320 mV) and the H2O–1⁄2O2 pair (+810 mV), it can be
calculated that the standard free energy released during
this overall reaction (–nF∆E0 ′ ) is about 220 kJ mol–1 (52
kcal mol–1) per two electrons (for a detailed discussion on
standard free energy see Chapter 2 on the web site).
Because the succinate–fumarate reduction potential is
higher (+30 mV), only 152 kJ mol–1 (36 kcal mol–1) of
energy is released for each two electrons generated during
the oxidation of succinate. The role of the electron transport
chain is to bring about the oxidation of NADH (and
FADH2) and, in the process, utilize some of the free energy
released to generate an electrochemical proton gradient,
∆m~Η+, across the inner mitochondrial membrane.

The electron transport chain of plants contains the same
set of electron carriers found in mitochondria from other
organisms (Figure 11.8) (Siedow 1995; Siedow and Umbach
1995). The individual electron transport proteins are orga-
nized into four multiprotein complexes (identified by
Roman numerals I through IV), all of which are localized
in the inner mitochondrial membrane:

Complex I (NADH dehydrogenase). Electrons from
NADH generated in the mitochondrial matrix during the
citric acid cycle are oxidized by complex I (an NADH
dehydrogenase). The electron carriers in complex I include
a tightly bound cofactor (flavin mononucleotide [FMN],
which is chemically similar to FAD; see Figure 11.2B) and
several iron–sulfur centers. Complex I then transfers these
electrons to ubiquinone. Four protons are pumped from the

matrix to the intermembrane space for every electron pair
passing through the complex.

Ubiquinone, a small lipid-soluble electron and proton
carrier, is located within the inner membrane. It is not
tightly associated with any protein, and it can diffuse
within the hydrophobic core of the membrane bilayer.

Complex II (succinate dehydrogenase). Oxidation of
succinate in the citric acid cycle is catalyzed by this com-
plex, and the reducing equivalents are transferred via the
FADH2 and a group of iron–sulfur proteins into the
ubiquinone pool. This complex does not pump protons.

Complex III (cytochrome bc1 complex). This complex
oxidizes reduced ubiquinone (ubiquinol) and transfers the
electrons via an iron–sulfur center, two b-type cytochromes
(b565 and b560), and a membrane-bound cytochrome c1 to
cytochrome c. Four protons per electron pair are pumped
by complex III.

Cytochrome c is a small protein loosely attached to the
outer surface of the inner membrane and serves as a mobile
carrier to transfer electrons between complexes III and IV.

Complex IV (cytochrome c oxidase). This complex con-
tains two copper centers (CuA and CuB) and cytochromes a
and a3. Complex IV is the terminal oxidase and brings about
the four-electron reduction of O2 to two molecules of H2O.
Two protons are pumped per electon pair (see Figure 11.8).

Both structurally and functionally, ubiquinone and the
cytochrome bc1 complex are very similar to plastoquinone
and the cytochrome b6 f complex, respectively, in the pho-
tosynthetic electron transport chain (see Chapter 7).

Some Electron Transport Enzymes Are Unique to
Plant Mitochondria
In addition to the set of electron carriers described in the
previous section, plant mitochondria contain some com-
ponents not found in mammalian mitochondria (see Fig-
ure 11.8). Note that none of these additional enzymes
pump protons and that energy conservation is therefore
lower whenever they are used:

• Two NAD(P)H dehydrogenases, both Ca2+-depen-
dent, attached to the outer surface of the inner mem-
brane facing the intermembrane space can oxidize
cytosolic NADH and NADPH. Electrons from these
external NAD(P)H dehydrogenases—NDex(NADH)
and NDex(NADPH)—enter the main electron trans-
port chain at the level of the ubiquinone pool (see
Web Topic 11.2) (Møller 2001).

• Plant mitochondria have two pathways for oxidizing
matrix NADH. Electron flow through complex I,
described in the previous section, is sensitive to inhi-
bition by several compounds, including rotenone and
piericidin. In addition, plant mitochondria have a
rotenone-resistant dehydrogenase, NDin(NADH), for
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the oxidation of NADH derived from citric acid cycle
substrates. The role of this pathway may well be as a
bypass being engaged when complex I is overloaded
(Møller and Rasmusson 1998; Møller 2001), such as
under photorespiratory conditions, as we will see
shortly (see also Web Topic 11.2).

• An NADPH dehydrogenase, NDin(NADPH), is pre-
sent on the matrix surface. Very little is known about
this enzyme.

• Most, if not all, plants have an “alternative” respira-
tory pathway for the reduction of oxygen. This path-
way involves the so-called alternative oxidase that,
unlike cytochrome c oxidase, is insensitive to inhibi-
tion by cyanide, azide, or carbon monoxide (see Web
Topic 11.3).

The nature and physiological significance of these plant-
specific enzymes will be considered more fully later in the
chapter.

ATP Synthesis in the Mitochondrion Is Coupled to
Electron Transport
In oxidative phosphorylation, the transfer of electrons to
oxygen via complexes I to IV is coupled to the synthesis of
ATP from ADP and Pi via the ATP synthase (complex V).
The number of ATPs synthesized depends on the nature of
the electron donor.

In experiments conducted with the use of isolated
mitochondria, electrons derived from internal (matrix)
NADH give ADP:O ratios (the number of ATPs synthe-
sized per two electrons transferred to oxygen) of 2.4 to 2.7
(Table 11.1). Succinate and externally added NADH each
give values in the range of 1.6 to 1.8, while ascorbate,
which serves as an artificial electron donor to cytochrome
c, gives values of 0.8 to 0.9. Results such as these (for 
both plant and animal mitochondria) have led to the gen-
eral concept that there are three sites of energy conserva-
tion along the electron transport chain, at complexes I, III,
and IV.
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FIGURE 11.8 Organization of the electron transport chain
and ATP synthesis in the inner membrane of plant mito-
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plexes found in nearly all other mitochondria, the electron
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enzymes pumps protons. Specific inhibitors, rotenone for
complex I, antimycin for complex III, cyanide for complex
IV, and salicylhydroxamic acid (SHAM) for the alternative
oxidase, are important tools to investigate the electron
transport chain of plant mitochondria.
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The experimental ADP:O ratios agree quite well with
the values calculated on the basis of the number of H+

pumped by complexes I, III, and IV and the cost of 4 H+ for
synthesizing one ATP (see next section and Table 11.1). For
instance, electrons from external NADH pass only com-
plexes III and IV, so a total of 6 H+ are pumped, giving 1.5
ATP (when the alternative oxidase pathway is not used).

The mechanism of mitochondrial ATP synthesis is based
on the chemiosmotic hypothesis, described in Web Topic
6.3 and Chapter 7, which was first proposed in 1961 by
Nobel laureate Peter Mitchell as a general mechanism of
energy conservation across biological membranes (Nicholls
and Ferguson 2002). According to the chemiosmotic theory,
the orientation of electron carriers within the mitochon-
drial inner membrane allows for the transfer of protons
(H+) across the inner membrane during electron flow.
Numerous studies have confirmed that mitochondrial elec-
tron transport is associated with a net transfer of protons
from the mitochondrial matrix to the intermembrane space
(see Figure 11.8) (Whitehouse and Moore 1995).

Because the inner mitochondrial membrane is imperme-
able to H+, an electrochemical proton gradient can build up.
As discussed in Chapters 6 and 7, the free energy associated
with the formation of an electrochemical proton gradient
(∆m~Η+, also referred to as a proton motive force, ∆p, when
expressed in units of volts) is made up of an electric trans-
membrane potential component (∆E) and a chemical-poten-
tial component (∆pH) according to the following equation:

∆p = ∆E – 59∆pH

where

∆E = Einside – Eoutside

and

∆pH = pHinside – pHoutside

∆E results from the asymmetric distribution of a charged
species (H+) across the membrane, and ∆pH is due to the
proton concentration difference across the membrane.
Because protons are translocated from the mitochondrial
matrix to the intermembrane space, the resulting ∆E across
the inner mitochondrial membrane is negative.

As this equation shows, both ∆E and ∆pH contribute to
the proton motive force in plant mitochondria, although ∆E
is consistently found to be of greater magnitude, probably
because of the large buffering capacity of both cytosol and
matrix, which prevent large pH changes. This situation
contrasts to that in the chloroplast, where almost all of the
proton motive force across the thylakoid membrane is
made up by a proton gradient (see Chapter 7).

The free-energy input required to generate ∆m~Η+ comes
from the free energy released during electron transport.
How electron transport is coupled to proton translocation
is not well understood in all cases. Because of the low per-
meability (conductance) of the inner membrane to protons,
the proton electrochemical gradient is reasonably stable,
once generated, and the free energy ∆m~Η+ can be utilized to
carry out chemical work (ATP synthesis). The ∆m~Η+ is cou-
pled to the synthesis of ATP by an additional protein com-
plex associated with the inner membrane, the FoF1-ATP
synthase.

The FoF1-ATP synthase (also called complex V) consists
of two major components, F1 and Fo (see Figure 11.8). F1 is
a peripheral membrane protein complex that is composed
of at least five different subunits and contains the catalytic
site for converting ADP and Pi to ATP. This complex is
attached to the matrix side of the inner membrane. Fo is an
integral membrane protein complex that consists of at least
three different polypeptides that form the channel through
which protons cross the inner membrane.

The passage of protons through the channel is coupled
to the catalytic cycle of the F1 component of the ATP syn-
thase, allowing the ongoing synthesis of ATP and the simul-
taneous utilization of the ∆m~Η+. For each ATP synthesized,
3 H+ pass through the Fo from the intermembrane space to
the matrix down the electrochemical proton gradient.

A high-resolution X-ray structure of most of the F1 com-
plex of the mammalian mitochondrial ATP synthase sup-
ports a “rotational model” for the catalytic mechanism of
ATP synthesis (see Web Topic 11.4) (Abrahams et al. 1994).
The structure and function of the mitochondrial ATP syn-
thase is similar to that of the CFo–CF1 ATP synthase in pho-
tophosphorylation (see Chapter 7).

The operation of a chemiosmotic mechanism of ATP
synthesis has several implications. First, the true site of ATP
formation on the mitochondrial inner membrane is the ATP
synthase, not complex I, III, or IV. These complexes serve
as sites of energy conservation whereby electron transport
is coupled to the generation of a ∆m~Η+.

Second, the chemiosmotic theory explains the action
mechanism of uncouplers, a wide range of chemically

TABLE 11.1
Theoretical and experimental ADP:O ratios in 
isolated plant mitochondria

ADP:O ratio

Substrate Theoreticala Experimental

Malate 2.5 2.4–2.7
Succinate 1.5 1.6–1.8
NADH (external) 1.5 1.6–1.8
Ascorbate 1.0b 0.8–0.9

aIt is assumed that complexes I, III, and IV pump 4, 4, and 2 H+ per 2
electrons, respectively; that the cost of synthesizing one ATP and
exporting it to the cytosol is 4 H+ (Brand 1994); and that the non-
phosphorylating pathways are not active.
bCytochrome c oxidase pumps only two protons when it is mea-
sured with ascorbate as electron donor. However, two electrons
move from the outer surface of the inner membrane (where the
electrons are donated) across the inner membrane to the inner,
matrix side. As a result, 2 H+ are consumed on the matrix side. This
means that the net movement of H+ and charges is equivalent to
the movement of a total of 4 H+, giving an ADP:O ratio of 1.0.
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unrelated compounds (including 2,4-dinitrophenol and
FCCP [p-trifluoromethoxycarbonylcyanide phenylhydra-
zone]) that decreases mitochondrial ATP synthesis but
often stimulates the rate of electron transport (see Web
Topic 11.5). All of these compounds make the inner mem-
brane leaky to protons, which prevents the buildup of a
sufficiently large ∆m~Η+ to drive ATP synthesis.

In experiments on isolated mitochondria, higher rates of
electron flow (measured as the rate of oxygen uptake in the
presence of a substrate such as succinate) are observed
upon addition of ADP (referred to as state 3) than in its
absence (Figure 11.9). ADP provides a substrate that stim-
ulates dissipation of the ∆m~Η+ through the FoF1-ATP syn-
thase during ATP synthesis. Once all the ADP has been
converted to ATP, the ∆m~Η+ builds up again and reduces the
rate of electron flow (state 4). The ratio of the rates with and
without ADP (state 3:state 4) is referred to as the respiratory
control ratio.

Transporters Exchange Substrates and Products
The electrochemical proton gradient also plays a role in the
movement of the organic acids of the citric acid cycle and
of substrates and products of ATP synthesis in and out of
mitochondria. Although ATP is synthesized in the mito-
chondrial matrix, most of it is used outside the mitochon-
drion, so an efficient mechanism is needed for moving
ADP in and ATP out of the organelle.

Adenylate transport involves another inner-membrane
protein, the ADP/ATP (adenine nucleotide) transporter,
which catalyzes an exchange of ADP and ATP across the
inner membrane (Figure 11.10). The movement of the more
negatively charged ATP4– out of the mitochondria in
exchange for ADP3–—that is, one net negative charge out—
is driven by the electric-potential gradient (∆E, positive out-
side) generated by proton pumping.

The uptake of inorganic phosphate (Pi) involves an
active phosphate transporter protein that uses the proton
gradient component (∆pH) of the proton motive force to
drive the electroneutral exchange of Pi

– (in) for OH– (out).
As long as a ∆pH is maintained across the inner mem-
brane, the Pi content within the matrix will remain high.
Similar reasoning applies to the uptake of pyruvate, which
is driven by the electroneutral exchange of pyruvate for
OH–, leading to continued uptake of pyruvate from the
cytosol (see Figure 11.10).

The total cost of taking up a phosphate (1 OH– out,
which is the same as 1 H+ in) and exchanging ADP for
ATP (one negative charge out, which is the same as one
positive charge in) is 1 H+. This proton should also be
included in calculation of the cost of synthesizing one ATP.
Thus the total cost is 3 H+ used by the ATP synthase plus
1 H+ for the exchange across the membrane, or a total of 4
H+.

The inner membrane also contains transporters for
dicarboxylic acids (malate or succinate) exchanged for Pi

2–

and for the tricarboxylic acid citrate exchanged for malate
(see Figure 11.10 and Web Topic 11.5).

Aerobic Respiration Yields about 60 Molecules of
ATP per Molecule of Sucrose
The complete oxidation of a sucrose molecule leads to the
net formation of

• 8 molecules of ATP by substrate-level phosphoryla-
tion (4 during glycolysis and 4 in the citric acid cycle)

• 4 molecules of NADH in the cytosol

• 16 molecules of NADH plus 4 molecules of FADH2
(via succinate dehydrogenase) in the mitochondrial
matrix

On the basis of theoretical ADP:O values (see Table 11.1), a
total of approximately 52 molecules of ATP will be generated
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1. Addition of succinate 
initiates mitochondrial 
electron transfer, which is 
measured with an oxygen 
electrode as the rate of 
oxygen reduction (to H2O).

2. Addition of cyanide inhibits 
electron flow through the main 
cytochrome pathway and only 
allows electron flow to oxygen 
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cyanide-resistant pathway, 
which is subsequently inhibited 
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3. Addition of ADP stimulates 
electron transfer (state 3) by 
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because of activation of 
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4. When all the ADP has 
been converted to ATP, 
electron transfer reverts 
to a lower rate (state 4).

FIGURE 11.9 Regulation of respiratory rate by ADP during
succinate oxidation in isolated mitochondria from mung
bean (Vigna radiata). The numbers below the traces are the
rates of oxygen uptake expressed as O2 consumed (nmol
min–1 mg protein–1). (Data courtesy of Steven J. Stegink.)
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The membrane 
potential component 
(∆E) of the proton 
gradient drives the 
electrogenic exchange 
of ADP from the 
cytosol for ATP from 
the mitochondrion via 
the adenine nucleotide 
transporter.

The tricarboxylic 
acid citrate is 
exchanged for a 
dicarboxylic acid 
such as malate or 
succinate.

Uptake of dicarboxylic 
acids such as malate or 
succinate in exchange 
for a phosphate ion is 
mediated by the dicarb-
oxylate transporter.

Uncouplers (and the uncoupling protein) 
permit the rapid movement of protons 
across the inner membrane, preventing 
buildup of the electrochemical proton 
gradient and reducing the rate of ATP 
synthesis but not the rate of electron 
transfer.

The ∆pH drives 
the electroneutral 
uptake of Pi 
through the 
phosphate 
transporter.

Free energy released 
by the dissipation of 
the proton gradient 
is coupled to the 
synthesis of ATP4– 
from ADP3– and Pi 
via the many FoF1-
ATP synthase 
complexes that span 
the inner membrane.

Uptake of pyruvate in 
exchange for a hydroxyl ion 
is mediated by the pyruvate 
transporter.
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per sucrose by oxidative phosphorylation. The result is a
total of about 60 ATPs synthesized per sucrose (Table 11.2).

Using 50 kJ mol–1 (12 kcal mol–1) as the actual free
energy of formation of ATP in vivo, we find that about
3010 kJ mol–1 (720 kcal mol–1) of free energy is conserved
in the form of ATP per mole of sucrose oxidized during
aerobic respiration. This amount represents about 52% of
the standard free energy available from the complete oxi-
dation of sucrose; the rest is lost as heat. This is a vast
improvement over the conversion of only 4% of the energy
available in sucrose to ATP that is associated with fer-
mentative metabolism.

Several Subunits of Respiratory Complexes Are
Encoded by the Mitochondrial Genome
With the first complete sequencing of plant mitochond-
rial DNA (mtDNA) in Arabidopsis thaliana (Marienfeld et al.
1999), our knowledge about the mitochondrial genome has
taken a great leap forward.

Some characteristics of the plant mitochondrial genetic
system are not generally found in the mitochondria of ani-
mals, protozoans, or even fungi. Most notably, RNA pro-
cessing differs between plant mitochondria and mitochon-
dria from most other organisms. Several plant mito-
chondrial genes contain introns, and some genes are even
split between separate transcript molecules, which must be

joined by splicing. Plant mtDNA also lacks strict comple-
mentarity to translated mRNA (see Web Topic 11.6).
Another characteristic feature of the plant mitochondrial
genetic system is that it strictly observes the universal
genetic code, showing none of the deviations found in
mtDNA in all other kingdoms.

Plant mitochondrial genomes are generally much larger
than those of animals. The plant mtDNA is in the range of
200 to 2400 kilobase pairs (kb) in size, with large variations
even between closely related plant species. This size com-
pares with the compact and uniform 16 kb genome found
in mammalian mitochondria. The size differences are due
mainly to the presence of much noncoding sequence,
including numerous introns, in plant mtDNA. Mammalian
mtDNA encodes only 13 proteins, in contrast to the 35
known proteins encoded by the Arabidopsis mtDNA. Both
plant and mammalian mitochondria encode rRNAs and
tRNAs.

The genes of the mtDNA can be divided into two main
groups: those needed for expression of mitochondrial genes
(tRNA, rRNA, and ribosome proteins) and those for oxida-
tive phosphorylation complexes. Plant mtDNA encodes nine
subunits for complex I, one for complex III, three for com-
plex IV, three for ATP synthase, and five proteins for bio-
genesis of cytochromes (Marienfeld et al. 1999). The mito-
chondrially encoded subunits are essential for the activity of
the respiratory complexes, a feature also evident in the
sequence conservation to their bacterial homologs. The
nuclear genome encodes all proteins not encoded in
mtDNA, and the nuclear-encoded proteins are the large
majority—for example, all proteins in the citric acid cycle.
The nuclear-encoded mitochondrial proteins are synthesized
by cytosolic ribosomes and imported via translocators in the
outer and inner mitochondrial membrane. Therefore, oxida-
tive phosphorylation is dependent on expression of genes
located in two separate genomes. Any change in expression

in response to a stimulus or for develop-
mental reasons must be coordinated.

Whereas the expression of nuclear
genes for mitochondrial proteins appears
to be regulated as other nuclear genes,
much less is known about the expression
of mitochondrial genes. The master circle
of plant mtDNA is normally split into
several smaller subgenomic segments,
and genes can be down-regulated by
decreased copy number for a segment of
the mtDNA (Leon et al. 1998). The gene
promoters in mtDNA are of several kinds
and show different transcriptional activ-
ity. However, a main control of mito-
chondrial gene expression appears to
take place at the posttranslational level,
by degradation of excess polypeptides
(McCabe et al. 2000).

FIGURE 11.10 Transmembrane transport in plant mitochon-
dria. An electrochemical proton gradient (∆m~Η+) consisting
of a membrane potential (∆E, –200mV, negative inside) and
a ∆pH (alkaline inside) is established across the inner mito-
chondrial membrane during electron transport as outlined
in the text. Specific metabolites are moved across the inner
membrane by specialized proteins, called transporters or
carriers (After Douce 1985).

▲

TABLE 11.2
The maximum yield of cytosolic ATP from the complete oxidation of 
sucrose to CO2 via aerobic glycolysis and the citric acid cycle

Part reaction ATP per sucrosea

Glycolysis
4 substrate-level phosphorylations 4
4 NADH 4 ×1.5 6

Citric acid cycle
4 substrate level phosphorylations 4
4 FADH2 4 × 1.5 6
16 NADH 16 × 2.5 40

Total 60

Source: Adapted from Brand 1994.
Note: Cytosolic NADH is assumed oxidized by the external NADH dehydrogenase. The
nonphosphorylating pathways are assumed not to be engaged.
aCalculated using the theoretical values from Table 11.1
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Plants Have Several Mechanisms That Lower the
ATP Yield
As we have seen, a complex machinery is required for a
high efficiency of energy conservation in oxidative phos-
phorylation. So it is perhaps surprising that plant mito-
chondria have several functional proteins that reduce this
efficiency. Probably plants are less limited by the energy
supply (sunlight) than by other factors in the environment
(e.g., access to nitrogen or phosphate). As a consequence,
adaptational flexibility may be more important than ener-
getic efficiency.

In the following subsections we will discuss the role of
the nonphosphorylating mechanisms and their possible
usefulness in the life of the plant.

The alternative oxidase. If cyanide (1 mM) is added to
actively respiring animal tissues, cytochrome c oxidase is
inhibited and the respiration rate quickly drops to less than
1% of its initial level. However, most plant tissues display a
level of cyanide-resistant respiration that can represent 10
to 25%, and in some tissues up to 100%, of the uninhibited
control rate. The enzyme responsible for this oxygen uptake
has been identified as a cyanide-resistant oxidase compo-
nent of the plant mitochondrial electron transport chain
called the alternative oxidase (see Figure 11.8 and Web
Topic 11.3) (Vanlerberghe and McIntosh 1997).

Electrons feed off the main electron transport chain into
the alternative pathway at the level of the ubiquinone pool
(see Figure 11.8). The alternative oxidase, the only compo-
nent of the alternative pathway, catalyzes a four-electron
reduction of oxygen to water and is specifically inhibited
by several compounds, most notably salicylhydroxamic
acid (SHAM).

When electrons pass to the alternative pathway from the
ubiquinone pool, two sites of proton pumping (at com-
plexes III and IV) are bypassed. Because there is no energy
conservation site in the alternative pathway between
ubiquinone and oxygen, the free energy that would nor-
mally be conserved as ATP is lost as heat when electrons
are shunted through the alternative pathway.

How can a process as seemingly energetically wasteful
as the alternative pathway contribute to plant metabolism?
One example of the functional usefulness of the alternative
oxidase is its activity during floral development in certain
members of the Araceae (the arum family)—for example,
the voodoo lily (Sauromatum guttatum). Just before pollina-
tion, tissues of the clublike inflorescence, called the appen-
dix, which bears male and female flowers, exhibit a dra-
matic increase in the rate of respiration via the alternative
pathway. As a result, the temperature of the upper appen-
dix increases by as much as 25°C over the ambient tem-
perature for a period of about 7 hours.

During this extraordinary burst of heat production, cer-
tain amines, indoles, and terpenes are volatilized, and the
plant therefore gives off a putrid odor that attracts insect

pollinators. Salicylic acid, a phenolic compound related to
aspirin (see Chapter 13), has been identified as the chemi-
cal signal responsible for initiating this thermogenic event
in the voodoo lily (Raskin et al. 1989) (see Web Essay 11.3).
In most plants, however, both the respiratory rates and the
rate of cyanide-resistant respiration are too low to generate
sufficient heat to raise the temperature significantly, so
what other role(s) does the alternative pathway play?

It has been suggested that the alternative pathway can
function as an “energy overflow” pathway, oxidizing res-
piratory substrates that accumulate in excess of those
needed for growth, storage, or ATP synthesis (Lambers
1985). This view suggests that electrons flow through the
alternative pathway only when the activity of the main
pathway is saturated. Such saturation is reached in the test
tube in state 4 (see Figure 11.9); in vivo, saturation may
occur if the respiration rate exceeds the cell’s demand for
ATP (i.e., if ADP levels are very low). However, it is now
clear that the alternative oxidase can be active before the
cytochrome pathway is saturated. Thus the alternative oxi-
dase makes it possible for the mitochondrion to adjust the
relative rates of ATP production and synthesis of carbon
skeletons for use in biosynthetic reactions.

Another possible function of the alternative pathway is
in the response of plants to a variety of stresses (phosphate
deficiency, chilling, drought, osmotic stress, and so on),
many of which can inhibit mitochondrial respiration (see
Chapter 25 and Web Essay 11.1) (Wagner and Krab 1995).

By draining off electrons from the electron transport
chain, the alternative pathway prevents a potential overre-
duction of the ubiquinone pool (see Figure 11.8), which, if
left unchecked, can lead to the generation of destructive
reactive oxygen species such as superoxide anions and
hydroxyl radicals. In this way the alternative pathway
may lessen the detrimental effects of stress on respiration
(see Web Essay 11.4) (Wagner and Krab 1995; Møller
2001).

The uncoupling protein. A protein found in the inner
membrane of mammalian mitochondria, the uncoupling
protein, can dramatically increase the proton permeability
of the membrane and thus act as an uncoupler. As a result,
less ATP and more heat is generated. Heat production
appears to be one of the uncoupling protein’s main func-
tions in mammalian cells.

It has long been thought that the alternative oxidase in
plants and the uncoupling protein in mammals were sim-
ply two different means of achieving the same end. It was
therefore surprising when a protein similar to the uncou-
pling protein was discovered in plant mitochondria (Vercesi
et al. 1995; Laloi et al. 1997). This protein is stress induced
and, like the alternative oxidase, may function to prevent
overreduction of the electron transport chain (see Web Topic
11.3 and Web Essay 11.4). It remains unclear, however, why
plant mitochondria require both mechanisms.
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The internal, rotenone-insensitive NADH dehydroge-
nase, NDin(NADH). This is one of the multiple
NAD(P)H dehydrogenases found in plant mitochondria
(see Figure 11.8). It has been suggested to work as a non-
proton-pumping bypass when complex I is overloaded.
Complex I has a higher affinity for NADH (ten times lower
Km), than NDin(NADH). At lower NADH levels in the
matrix, typically when ADP is available (state 3), complex
I will dominate, whereas when ADP is rate limiting (state
4), NADH levels will increase and NDin(NADH) will be
more active. The physiological importance of this enzyme
is, however, still unclear.

Mitochondrial Respiration Is Controlled by Key
Metabolites
The substrates of ATP synthesis—ADP and Pi—appear to
be key regulators of the rates of glycolysis in the cytosol, as
well as the citric acid cycle and oxidative phosphorylation
in the mitochondria. Control points exist at all three stages
of respiration; here we will give just a brief overview of
some major features.

The best-characterized site of regulation of the citric acid
cycle is at the pyruvate dehydrogenase complex, which is
reversibly phosphorylated by a regulatory kinase and a phos-

phatase. Pyruvate dehydrogenase is inactive in the phos-
phorylated state, and the regulatory kinase is inhibited by
pyruvate, allowing the enzyme to be active when substrate
is available (Figure 11.11). In addition, several citric acid cycle
enzymes, including pyruvate dehydrogenase and 2-oxoglu-
tarate dehydrogenase, are directly inhibited by NADH.
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FIGURE 11.11 Regulation of pyruvate dehydrogenase
(PDH) activity by reversible phosphorylation and by other
metabolites.
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FIGURE 11.12 Concept of bottom-up regulation of plant res-
piration. Several substrates for respiration (e.g., ADP) stimu-
late enzymes in early steps of the pathways (green arrows .
In contrast, accumulation of products (e.g., ATP) inhibits
(red squares) earlier reactions in a stepwise fashion. For
instance, ATP inhibits the electron transport chain leading to
an accumulation of NADH. NADH inhibits citric acid
enzymes such as isocitrate dehydrogenase and 2-oxoglu-
tarate dehydrogenase. Then, citric acid cycle intermediates
like citrate inhibit the PEP-metabolizing enzymes in the
cytosol. Finally, PEP inhibits the conversion of fructose-6-
phosphate to fructose-1,6-biphosphate and restricts carbon
feeding into glycolysis.
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The citric acid cycle oxidations, and subsequently res-
piration, are dynamically controlled by the cellular level of
adenine nucleotides. As the cell’s demand for ATP in the
cytosol decreases relative to the rate of synthesis of ATP in
the mitochondria, less ADP will be available, and the elec-
tron transport chain will operate at a reduced rate (see Fig-
ure 11.10). This slowdown could be signaled to citric acid
cycle enzymes through an increase in matrix NADH,
inhibiting the activity of several citric acid cycle dehydro-
genases (Oliver and McIntosh 1995).

The buildup of citric acid cycle intermediates and their
derivates, such as citrate and glutamate, inhibits the action
of cytosolic pyruvate kinase, increasing the cytosolic PEP
concentration, which in turn reduces the rate of conversion
of fructose-6-phosphate to fructose-1,6-bisphosphate, thus
inhibiting glycolysis.

In summary, plant respiratory rates are controlled from
the “bottom up” by the cellular level of ADP (Figure 11.12).
ADP initially regulates the rate of electron transfer and ATP
synthesis, which in turn regulates citric acid cycle activity,
which, finally, regulates the rate of the glycolytic reactions.

Respiration Is Tightly Coupled to Other Pathways
Glycolysis, the pentose phosphate pathway, and the citric
acid cycle are linked to several other important metabolic
pathways, some of which will be covered in greater detail in
Chapter 13. The respiratory pathways are central to the pro-
duction of a wide variety of plant metabolites, including
amino acids, lipids and related compounds, isoprenoids, and
porphyrins (Figure 11.13). Indeed, much of the reduced car-
bon that is metabolized by glycolysis and the citric acid cycle
is diverted to biosynthetic purposes and not oxidized to CO2.
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RESPIRATION IN INTACT PLANTS AND
TISSUES
Many rewarding studies of plant respiration and its regu-
lation have been carried out on isolated organelles and on
cell-free extracts of plant tissues. But how does this knowl-
edge relate to the function of the whole plant in a natural
or agricultural setting?

In this section we’ll examine respiration and mitochon-
drial function in the context of the whole plant under a
variety of conditions. First, when green tissues are exposed
to light, respiration and photosynthesis operate simulta-
neously and interact in complex ways. Next we will dis-
cuss different rates of tissue respiration, which may be
under developmental control, as well as the very interest-
ing case of cytoplasmic male sterility. Finally, we will look
at the influence of various environmental factors on respi-
ration rates.

Plants Respire Roughly Half of the Daily
Photosynthetic Yield
Many factors can affect the respiration rate of an intact
plant or of its individual organs. Relevant factors include
the species and growth habit of the plant, the type and age
of the specific organ, and environmental variables such as
the external oxygen concentration, temperature, and nutri-
ent and water supply (see Chapter 25, Web Topic 11.7, and
Web Essay 11.5).

Whole-plant respiration rates, particularly when con-
sidered on a fresh-weight basis, are generally lower than
respiration rates reported for animal tissues. This difference
is due in large part to the presence, in plant cells, of a large
central vacuole and cell wall compartments, neither of
which contains mitochondria. Nonetheless, respiration
rates in some plant tissues are as high as those observed in
actively respiring animal tissues, so the plant respiratory
process is not inherently slower than respiration in animals.
In fact, isolated plant mitochondria respire faster than
mammalian mitochondria, when expressed on a per mg
protein basis.

Even though plants generally have low respiration rates,
the contribution of respiration to the overall carbon econ-
omy of the plant can be substantial (see Web Topic 11.7).
Whereas only green tissues photosynthesize, all tissues
respire, and they do so 24 hours a day. Even in photosyn-
thetically active tissues, respiration, if integrated over the
entire day, can represent a substantial fraction of gross pho-
tosynthesis. A survey of several herbaceous species indi-
cated that 30 to 60% of the daily gain in photosynthetic car-
bon was lost to respiration, although these values tended
to decrease in older plants (Lambers 1985).

Young trees lose roughly a third of their daily photo-
synthate as respiration, and this loss can double in older
trees as the ratio of photosynthetic to nonphotosynthetic
tissue decreases. In tropical areas, 70 to 80% of the daily

photosynthetic gain can be lost to respiration because of the
high dark respiration rates associated with elevated night
temperatures.

Respiration Operates during Photosynthesis
Mitochondria are involved in the metabolism of photo-
synthesizing leaves. The glycine generated by photorespi-
ration is oxidized to serine in the mitochondrion (see Chap-
ter 8). At the same time, mitochondria in photosynthesizing
tissue also carry out respiration via the citric acid cycle
(often called dark respiration because it does not require
light). Relative to the maximum rate of photosynthesis,
dark respiration rates measured in green tissues are far
slower, generally by a factor ranging from 6- to 20-fold.
Given that rates of photorespiration can often reach 20 to
40% of the gross photosynthetic rate, citric acid cycle-medi-
ated mitochondrial respiration operates at rates also well
below the rate of photorespiration.

A question that has not been adequately answered is
how much mitochondrial respiration (apart from the
involvement of mitochondria in the photorespiratory car-
bon oxidation cycle) operates simultaneously with photo-
synthesis in illuminated green tissues. The activity of pyru-
vate dehydrogenase, one of the ports of entry into the citric
acid cycle, decreases in the light to 25% of the dark activity
(Budde and Randall 1990). The overall rate of respiration
decreases in the light, but the extent of the decrease
remains uncertain at present. It is clear, however, that the
mitochondrion is a major supplier of ATP to the cytosol
even in illuminated leaves (Krömer 1995).

Another role of mitochondrial respiration during pho-
tosynthesis is to supply carbon metabolites for biosynthetic
reactions—for example, by formation of 2-oxoglutarate
needed for nitrogen assimilation. Leaf mitochondria typi-
cally have high capacities of nonphosphorylating pathways
in the electron transport chain. By oxidizing NADH with
lower ATP yield, mitochondria can maintain a higher 2-
oxoglutarate production by the respiratory pathways with-
out being restricted by the cytosolic demand for ATP (see
Figures 11.7C and 11.12) (Hoefnagel et al. 1998; Noctor and
Foyer 1998).

Additional evidence for the involvement of mitochon-
drial respiration in photosynthesizing leaves has been
obtained in studies with mitochondrial mutants defective
in respiratory complexes, showing that leaf development
and photosynthesis are negatively affected (Vedel et al.
1999).

Different Tissues and Organs Respire at 
Different Rates
A useful rule of thumb is that the greater the overall meta-
bolic activity of a given tissue, the higher its respiration
rate. Developing buds usually show very high rates of res-
piration (on a dry-weight basis), and respiration rates of
vegetative tissues usually decrease from the point of
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growth (e.g., the leaf tip in dicotyledons and the leaf base
in monocotyledons) to more differentiated regions. A well-
studied example is the growing barley leaf (Thompson et
al. 1998). In mature vegetative tissues, stems generally have
the lowest respiration rates, and leaf and root respiration
varies with the plant species and the conditions under
which the plants are growing.

When a plant tissue has reached maturity, its respiration
rate will either remain roughly constant or decrease slowly
as the tissue ages and ultimately senesces. An exception to
this pattern is the marked rise in respiration, known as the
climacteric, that accompanies the onset of ripening in many
fruits (avocado, apple, banana) and senescence in detached
leaves and flowers. Both ripening and the climacteric res-
piratory rise are triggered by the endogenous production
of ethylene, as well as by an exogenous application of eth-
ylene (see Chapter 22). In general, ethylene-induced respi-
ration is associated with an active cyanide-resistant alter-
native pathway, but the role of this pathway in ripening is
not clear (Tucker 1993).

Mitochondrial Function Is Crucial during Pollen
Development
A physiological feature directly linked to the plant mito-
chondrial genome is a phenomenon known as cytoplasmic
male sterility, or cms. Plant lines that display cms do not
form viable pollen—hence the designation male sterility.
The term cytoplasmic here refers to the fact that this trait is
transmitted in a non-Mendelian fashion; the cms genotype
is always maternally inherited with the mitochondrial
genome. cms is a very important trait in plant breeding
because a stable male sterile line can facilitate the produc-
tion of hybrid seed stock. For this use, cms traits that pro-
duce no major effects throughout the plant’s life cycle,
except for male sterility, have been found for many species.

All plants carrying the cms trait that have been charac-
terized at the molecular level show the presence of distinct
rearrangements in their mtDNA, relative to wild-type
plants. These rearrangements create novel open reading
frames and have been strongly correlated with cms pheno-
types in various systems. Nuclear restorer genes can over-
come the effects of the mtDNA rearrangements and restore
fertility to plants with the cms genotype. Such restorer
genes are essential for the commercial utilization of cms if
seeds are the harvested product.

An interesting consequence of the use of the cms gene
occurred in the late 1960s, at which time 85% of the hybrid
feed corn grown in the United States was derived from the
use of a cms line of maize called cms-T (Texas). In cms-T
maize, the mtDNA rearrangements give rise to a unique 13
kDa protein, URF13 (Levings and Siedow 1992). How the
URF13 protein acts to bring about male sterility is not
known, but in the late 1960s a disease appeared, caused by
a race of the fungus Bipolaris maydis (also called Cochliobolus
heterostrophus). This specific race synthesizes a compound

(HmT-toxin) that specifically interacts with the URF13 pro-
tein to produce pores in the inner mitochondrial membrane,
with the result that selective permeability is lost.

The interaction between HmT-toxin and URF13 made
Bipolaris maydis race T a particularly virulent pathogen on
cms-T maize and led to an epidemic in the corn-growing
regions of the United States that was known as southern
corn leaf blight. As a result of this epidemic, the use of cms-
T in the production of hybrid maize was discontinued. No
other cms maize has been found to be a suitable replacement,
so current production of hybrid corn seed has reverted to
manual detasseling that prevents self-pollination.

As compared to other organs, the amount of mitochon-
dria per cell and the expression of respiratory proteins are
very high in developing anthers, where pollen develop-
ment is an energy-demanding process (Huang et al. 1994).
Male sterility is a common phenotype of mutations in mito-
chondrial genes for subunits of the complexes of oxidative
phosphorylation (Vedel et al. 1999). Such mutants can be
viable because of the existence of the alternative nonphos-
phorylating respiratory pathways.

Programmed cell death (PCD) is part of normal anther
development. There are now indications that mitochondria
are involved in plant PCD and that PCD is premature in
anthers of cms sunflower (see Web Essay 11.6).

Environmental Factors Alter Respiration Rates
Many environmental factors can alter the operation of
metabolic pathways and respiratory rates. Here we will
examine the roles of environmental oxygen (O2), tempera-
ture, and carbon dioxide (CO2).

Oxygen. Oxygen can affect plant respiration because of
its role as a substrate in the overall process. At 25°C, the
equilibrium concentration of O2 in an air-saturated (21%
O2), aqueous solution is about 250 µM. The Km value for
oxygen in the reaction catalyzed by cytochrome c oxidase
is well below 1 µM, so there should be no apparent depen-
dence of the respiration rate on external O2 concentrations
(see Chapter 2 on the web site for a discussion of Km).
However, respiration rates decrease if the atmospheric oxy-
gen concentration is below 5% for whole tissues or below
2 to 3% for tissue slices. These findings show that oxygen
diffusion through the aqueous phase in the tissue imposes
a limitation on plant respiration.

The diffusion limitation imposed by an aqueous phase
emphasizes the importance of the intercellular air spaces
found in plant tissues for oxygen availability in the mito-
chondria. If there were no gaseous diffusion pathway
throughout the plant, the cellular respiration rates of many
plants would be limited by an insufficient oxygen supply
(see Web Essay 11.3).

Water saturation/low O2. Diffusion limitation is even
more significant when plant organs are growing in an
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aqueous medium. When plants are grown hydroponically,
the solutions must be aerated vigorously to keep oxygen
levels high in the vicinity of the roots. The problem of oxy-
gen supply also arises with plants growing in very wet or
flooded soils (see Chapter 25).

Some plants, particularly trees, have a restricted geo-
graphic distribution because of the need to maintain a sup-
ply of oxygen to their roots. For instance, dogwood and
tulip tree poplar can survive only in well-drained, aerated
soils because their roots cannot tolerate more than a limited
exposure to a flooded condition. On the other hand, many
plant species are adapted to grow in flooded soils. Herba-
ceous species such as rice and sunflower often rely on a
network of intercellular air spaces (aerenchyma) running
from the leaves to the roots to provide a continuous,
gaseous pathway for the movement of oxygen to the
flooded roots.

Limitation in oxygen supply can be more severe for
trees having very deep roots that grow in wet soils. Such
roots must survive on anaerobic (fermentative) metabolism
or develop structures that facilitate the movement of oxy-
gen to the roots. Examples of such structures are out-
growths of the roots, called pneumatophores, that protrude
out of the water and provide a gaseous pathway for oxy-
gen diffusion into the roots. Pneumatophores are found in
Avicennia and Rhizophora, trees that grow in mangrove
swamps under continuously flooded conditions.

Temperature. Respiration typically increases with tem-
perature (see, however, Web Essay 11.3). Between 0 and
30°C, the increase in respiration rate for every 10°C increase
in ambient temperature (commonly referred to as the
dimensionless, temperature coefficient, Q10) is about 2.
Above 30°C the respiration rate often increases more
slowly, reaches a plateau at 40 to 50°C and decreases at
even higher temperatures. High night temperatures are
thought to account for the high respiratory rates of tropical
plants.

Low temperatures are utilized to retard postharvest res-
piration rates during the storage of fruits and vegetables.
However, complications may arise from such storage. For
instance, when potato tubers are stored at temperatures
above 10°C, respiration and ancillary metabolic activities
are sufficient to allow sprouting. Below 5°C, respiration
rates and sprouting are reduced in most tissues, but the
breakdown of stored starch and its conversion to sucrose
impart an unwanted sweetness to the tubers. As a com-
promise, potatoes are stored at 7 to 9°C, which prevents the
breakdown of starch while minimizing respiration and ger-
mination.

CO2 concentration. It is common practice in the com-
mercial storage of fruits to take advantage of the effects of
atmospheric oxygen and temperature on respiration, and
to store fruits at low temperatures under 2 to 3% oxygen

and 3 to 5% CO2. The reduced temperature lowers the res-
piration rate, as does the reduced oxygen. Low levels of
oxygen are used instead of anoxic conditions to avoid low-
ering tissue oxygen tensions to the point that stimulates fer-
mentative metabolism.

Carbon dioxide has a limited direct inhibitory effect on
the respiration rate at a concentration of 3 to 5%, which is
well in excess of the 0.036% (360 ppm) normally found in
the atmosphere. The atmospheric CO2 concentration is
increasing rapidly as a result of human activities, and it is
projected to double, to 700 ppm, before the end of the
twenty-first century (see Chapter 9).

Compared to plants grown at 350 ppm CO2, plants
grown at 700 ppm CO2 have been reported to have a 15 to
20% slower dark respiration rate (on a dry-weight basis)
(Drake et al. 1999), but this has been questioned (Jahnke
2001; Bruhn et al. 2002). The number of mitochondria per
unit cell area actually doubles in the high CO2 environ-
ment. These data imply that the respiratory activity in the
light instead may increase at higher ambient CO2 concen-
trations (Griffin et al. 2001). Thus it is presently a matter of
debate how plants growing at an increased CO2 concen-
tration will contribute to the global carbon cycle.

LIPID METABOLISM
Whereas animals use fats for energy storage, plants use
them mainly for carbon storage. Fats and oils are important
storage forms of reduced carbon in many seeds, including
those of agriculturally important species such as soybean,
sunflower, peanut, and cotton. Oils often serve a major
storage function in nondomesticated plants that produce
small seeds. Some fruits, such as olives and avocados, also
store fats and oils.

In this final part of the chapter we describe the biosyn-
thesis of two types of glycerolipids: the triacylglycerols (the
fats and oils stored in seeds) and the polar glycerolipids
(which form the lipid bilayers of cellular membranes) (Fig-
ure 11.14). We will see that the biosynthesis of triacylglyc-
erols and polar glycerolipids requires the cooperation of
two organelles: the plastids and the endoplasmic reticulum.
Plants can also use fats and oils for energy production. We
will thus examine the complex process by which germi-
nating seeds obtain metabolic energy from the oxidation of
fats and oils.

Fats and Oils Store Large Amounts of Energy
Fats and oils belong to the general class lipids, a structurally
diverse group of hydrophobic compounds that are soluble
in organic solvents and highly insoluble in water. Lipids
represent a more reduced form of carbon than carbohy-
drates, so the complete oxidation of 1 g of fat or oil (which
contains about 40 kJ, or 9.3 kcal, of energy ) can produce
considerably more ATP than the oxidation of 1 g of starch
(about 15.9 kJ, or 3.8 kcal). Conversely, the biosynthesis of
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fats, oils, and related molecules, such as the phospholipids
of membranes, requires a correspondingly large investment
of metabolic energy.

Other lipids are important for plant structure and func-
tion but are not used for energy storage. These include
waxes, which make up the protective cuticle that reduces
water loss from exposed plant tissues, and terpenoids (also
known as isoprenoids), which include carotenoids
involved in photosynthesis and sterols present in many
plant membranes (see Chapter 13).

Triacylglycerols Are Stored in Oleosomes
Fats and oils exist mainly in the form of triacylglycerols
(acyl refers to the fatty acid portion), or triglycerides, in
which fatty acid molecules are linked by ester bonds to the
three hydroxyl groups of glycerol (see Figure 11.14).

The fatty acids in plants are usually straight-chain car-
boxylic acids having an even number of carbon atoms. The
carbon chains can be as short as 12 units and as long as 20,
but more commonly they are 16 or 18 carbons long. Oils are

liquid at room temperature, primarily because of the pres-
ence of unsaturated bonds in their component fatty acids;
fats, which have a higher proportion of saturated fatty
acids, are solid at room temperature. The major fatty acids
in plant lipids are shown in Table 11.3.

The composition of fatty acids in plant lipids varies with
the species. For example, peanut oil is about 9% palmitic acid,
59% oleic acid, and 21% linoleic acid, and cottonseed oil is
20% palmitic acid, 30% oleic acid, and 45% linoleic acid. The
biosynthesis of these fatty acids will be discussed shortly.

Triacylglycerols in most seeds are stored in the cyto-
plasm of either cotyledon or endosperm cells in organelles
known as oleosomes (also called spherosomes or oil bodies)
(see Chapter 1). Oleosomes have an unusual membrane
barrier that separates the triglycerides from the aqueous
cytoplasm. A single layer of phospholipids (i.e., a half-
bilayer) surrounds the oil body with the hydrophilic ends
of the phospholipids exposed to the cytosol and the
hydrophobic acyl hydrocarbon chains facing the triacyl-
glycerol interior (see Chapter 1). The oleosome is stabilized
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TABLE 11.3 
Common fatty acids in higher plant tissues

Namea Structure

Saturated Fatty Acids
Lauric acid (12:0) CH3(CH2)10CO2H
Myristic acid (14:0) CH3(CH2)12CO2H
Palmitic acid (16:0) CH3(CH2)14CO2H
Stearic acid (18:0) CH3(CH2)16CO2H

Unsaturated Fatty Acids
Oleic acid (18:1) CH3(CH2)7CH —— CH(CH2)7CO2H
Linoleic acid (18:2) CH3(CH2)4CH —— CH—CH2—CH —— CH(CH2)7CO2H
Linolenic acid (18:3) CH3CH2CH —— CH—CH2—CH —— CH—CH2—CH —— CH—(CH2)7CO2H

aEach fatty acid has a numerical abbreviation. The number before the colon represents the total number of carbons; the num-
ber after the colon is the number of double bonds.
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by the presence of specific proteins, called oleosins, that coat
the surface and prevent the phospholipids of adjacent oil
bodies from coming in contact and fusing.

This unique membrane structure for oleosomes results
from the pattern of triacylglycerol biosynthesis. Triacyl-
glycerol synthesis is completed by enzymes located in the
membranes of the endoplasmic reticulum (ER), and the
resulting fats accumulate between the two monolayers of
the ER membrane bilayer. The bilayer swells apart as
more fats are added to the growing structure, and ulti-
mately a mature oil body buds off from the ER (Napier et
al. 1996).

Polar Glycerolipids Are the Main Structural Lipids
in Membranes
As outlined in Chapter 1, each membrane in the cell is a
bilayer of amphipathic (i.e., having both hydrophilic and
hydrophobic regions) lipid molecules in which a polar
head group interacts with the aqueous phase while
hydrophobic fatty acid chains form the center of the mem-
brane. This hydrophobic core prevents random diffusion
of solutes between cell compartments and thereby allows
the biochemistry of the cell to be organized.

The main structural lipids in membranes are the polar
glycerolipids (see Figure 11.14), in which the hydrophobic
portion consists of two 16-carbon or 18-carbon fatty acid
chains esterified to positions 1 and 2 of a glycerol backbone.
The polar head group is attached to position 3 of the glyc-
erol. There are two categories of polar glycerolipids:

1. Glyceroglycolipids, in which sugars form the head
group (Figure 11.15A)

2. Glycerophospholipids, in which the head group
contains phosphate (Figure 11.15B)

Plant membranes have additional structural lipids,
including sphingolipids and sterols (see Chapter 13), but
these are minor components. Other lipids perform specific
roles in photosynthesis and other processes. Included
among these lipids are chlorophylls, plastoquinone,

carotenoids, and tocopherols, which together account for
about one-third of the lipids in plant leaves.

Figure 11.15 shows the nine major glycerolipid classes in
plants, each of which can be associated with many different
fatty acid combinations. The structures shown in Figure
11.15 illustrate some of the more common molecular species.

Chloroplast membranes, which account for 70% of the
membrane lipids in photosynthetic tissues, are dominated
by glyceroglycolipids; other membranes of the cell contain
glycerophospholipids (Table 11.4). In nonphotosynthetic
tissues, phospholipids are the major membrane glyc-
erolipids.

Fatty Acid Biosynthesis Consists of Cycles of Two-
Carbon Addition
Fatty acid biosynthesis involves the cyclic condensation of
two-carbon units in which acetyl-CoA is the precursor. In
plants, fatty acids are synthesized exclusively in the plas-
tids; in animals, fatty acids are synthesized primarily in the
cytosol.

The enzymes of the pathway are thought to be held
together in a complex that is collectively referred to as fatty
acid synthase. The complex probably allows the series of
reactions to occur more efficiently than it would if the
enzymes were physically separated from each other. In
addition, the growing acyl chains are covalently bound to
a low-molecular-weight, acidic protein called acyl carrier
protein (ACP). When conjugated to the acyl carrier protein,
the fatty acid chain is referred to as acyl-ACP.

The first committed step in the pathway (i.e., the first
step unique to the synthesis of fatty acids) is the synthesis
of malonyl-CoA from acetyl-CoA and CO2 by the enzyme
acetyl-CoA carboxylase (Figure 11.16) (Sasaki et al. 1995).
The tight regulation of acetyl-CoA carboxylase appears to
control the overall rate of fatty acid synthesis (Ohlrogge
and Jaworski 1997). The malonyl-CoA then reacts with
ACP to yield malonyl-ACP:

1. In the first cycle of fatty acid synthesis, the acetate
group from acetyl-CoA is transferred to a specific cys-
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TABLE 11.4 
Glycerolipid components of cellular membranes

Lipid composition (percentage of total)

Endoplasmic
Chloroplast reticulum Mitochondrion

Phosphatidylcholine 4 47 43
Phosphatidylethanolamine — 34 35
Phosphatidylinositol 1 17 6
Phosphatidylglycerol 7 2 3
Diphosphatidylglycerol — — 13
Monogalactosyldiacylglycerol 55 — —
Digalactosyldiacylglycerol 24 — —
Sulfolipid 8 — —
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teine of condensing enzyme (3-ketoacyl-ACP synthase)
and then combined with malonyl-ACP to form ace-
toacetyl-ACP.

2. Next the keto group at carbon 3 is removed (reduced)
by the action of three enzymes to form a new acyl
chain (butyryl-ACP), which is now four carbons long
(see Figure 11.16).

3. The four-carbon acid and another molecule of mal-
onyl-ACP then become the new substrates for con-
densing enzyme, resulting in the addition of another
two-carbon unit to the growing chain, and the cycle
continues until 16 or 18 carbons have been added.

4. Some 16:0-ACP is released from the fatty acid syn-
thase machinery, but most molecules that are elon-
gated to 18:0-ACP are efficiently converted to 18:1-
ACP by a desaturase enzyme. The repetition of this
sequence of events makes 16:0-ACP and 18:1-ACP
the major products of fatty acid synthesis in plastids
(Figure 11.17).

Fatty acids may undergo further modification after they
are linked with glycerol to form glycerolipids. Additional
double bonds are placed in the 16:0 and 18:1 fatty acids by
a series of desaturase isozymes. Desaturase isozymes are
integral membrane proteins found in the chloroplast and
the endoplasmic reticulum (ER). Each desaturase inserts
a double bond at a specific position in the fatty acid chain,
and the enzymes act sequentially to produce the final 18:3
and 16:3 products (Ohlrogge and Browse 1995).

Glycerolipids Are Synthesized in the Plastids 
and the ER
The fatty acids synthesized in the plastid are next used to
make the glycerolipids of membranes and oleosomes. The
first steps of glycerolipid synthesis are two acylation reac-

tions that transfer fatty acids from acyl-ACP or acyl-CoA
to glycerol-3-phosphate to form phosphatidic acid.

The action of a specific phosphatase produces diacyl-
glycerol (DAG) from phosphatidic acid. Phosphatidic acid
can also be converted directly to phosphatidylinositol 
or phosphatidylglycerol; DAG can give rise to phos-
phatidylethanolamine or phosphatidylcholine (see Figure
11.17).

The localization of the enzymes of glycerolipid synthe-
sis reveals a complex and highly regulated interaction
between the chloroplast, where fatty acids are synthesized,
and other membrane systems of the cell. In simple terms,
the biochemistry involves two pathways referred to as the
prokaryotic (or chloroplast) pathway and the eukaryotic (or
ER) pathway.

1. In chloroplasts, the prokaryotic pathway utilizes the
16:0- and 18:1-ACP products of chloroplast fatty acid
synthesis to synthesize phosphatidic acid and its
derivatives. Alternatively, the fatty acids may be
exported to the cytoplasm as CoA esters.

2. In the cytoplasm, the eukaryotic pathway uses a sep-
arate set of acyltransferases in the ER to incorporate
the fatty acids into phosphatidic acid and its deriva-
tives.

A simplified version of this model is depicted in Figure
11.17.

In some higher plants, including Arabidopsis and
spinach, the two pathways contribute almost equally to
chloroplast lipid synthesis. In many other angiosperms,
however, phosphatidylglycerol is the only product of the
prokaryotic pathway, and the remaining chloroplast lipids
are synthesized entirely by the eukaryotic pathway.

The biochemistry of triacylglycerol synthesis in oilseeds
is generally the same as described for the glycerolipids.
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16:0- and 18:1-ACP are synthesized in the plastids of the
cell and exported as CoA thioesters for incorporation into
DAG in the endoplasmic reticulum (see Figure 11.17).

The key enzymes in oilseed metabolism (not shown in
Figure 11.17), are acyl-CoA:DAG acyltransferase and
PC:DAG acyltransferase, which catalyze triacylglycerol
synthesis (Dahlqvist et al. 2000). As noted earlier, triacyl-
glycerol molecules accumulate in specialized subcellular
structures—the oleosomes—from which they can be mobi-
lized during germination and converted to sugar.

Lipid Composition Influences Membrane Function
A central question in membrane biology is the functional
reason behind lipid diversity. Each membrane system of
the cell has a characteristic and distinct complement of
lipid types, and within a single membrane each class of
lipids has a distinct fatty acid composition. Our under-
standing of a membrane is one in which lipids make up the
fluid, semipermeable bilayer that is the matrix for the func-
tional membrane proteins.

Since this bulk lipid role could be satisfied by a single
unsaturated species of phosphatidylcholine, obviously
such a simple model is unsatisfactory. Why is lipid diver-
sity needed? One aspect of membrane biology that might
offer answers to this central question is the relationship
between lipid composition and the ability of organisms to
adjust to temperature changes (Wolter et al. 1992). For
example, chill-sensitive plants experience sharp reductions
in growth rate and development at temperatures between
0 and 12°C (see Chapter 25). Many economically important
crops, such as cotton, soybean, maize, rice, and many trop-
ical and subtropical fruits, are classified as chill sensitive.
In contrast, most plants that originate from temperate
regions are able to grow and develop at chilling tempera-
tures and are classified as chill-resistant plants.

It has been suggested that because of the decrease in
lipid fluidity at lower temperatures, the primary event of
chilling injury is a transition from a liquid-crystalline phase
to a gel phase in the cellular membranes. According to this
proposal, this transition would result in alterations in the
metabolism of chilled cells and lead to injury and death of
the chill-sensitive plants. The degree of unsaturation of the
fatty acids would determine the temperature at which such
damage occurred.

Recent research, however, suggests that the relationship
between membrane unsaturation and plant responses to
temperature is more subtle and complex (see Web Topic
11.8). The responses of Arabidopsis mutants with increased
saturation of fatty acids to low temperature appear quite
distinct from what is predicted by the chilling sensitivity
hypothesis, suggesting that normal chilling injury may not
be strictly related to the level of unsaturation of membrane
lipids.

On the other hand, experiments with transgenic tobacco
plants that are chill sensitive show opposite results. The

transgenic expression of exogenous genes in tobacco has
been used specifically to decrease the level of saturated
phosphatidylglycerol or to bring about a general increase
in membrane unsaturation. In each case, damage caused
by chilling was alleviated to some extent.

These new findings make it clear that the extent of
membrane unsaturation or the presence of particular lipids,
such as disaturated phosphatidylglycerol, can affect the
responses of plants to low temperature. As discussed in
Web Topic 11.8, more work is required to fully understand
the relationship between lipid composition and membrane
function.

Membrane Lipids Are Precursors of Important
Signaling Compounds
Plants, animals, and microbes all use membrane lipids as
precursors for compounds that are used for intracellular or
long-range signaling. For example, jasmonate derived from
linolenic acid (18:3) activates plant defenses against insects
and many fungal pathogens. In addition, jasmonate regu-
lates other aspects of plant growth, including the develop-
ment of anthers and pollen (Stintzi and Browse 2000).
Phosphatidylinositol-4,5-bisphosphate (PIP2) is the most
important of several phosphorylated derivatives of phos-
phatidylinositol known as phosphoinositides. In animals,
receptor-mediated activation of phospholipase C leads to
the hydrolysis of PIP2 to inositol trisphosphate (IP3) and
diacylglycerol, which both act as intracellular secondary
messengers.

The action of IP3 in releasing Ca2+ into the cytoplasm
(through calcium-sensitive channels in the tonoplast and
other membranes) and thereby regulating cellular
processes has been demonstrated in several plant systems,
including the stomatal guard cells (Schroeder et al. 2001).
Information about other types of lipid signaling in plants
is becoming available through biochemical and molecular
genetic studies of phospholipases (Wang 2001) and other
enzymes involved in the generation of these signals.

Storage Lipids Are Converted into Carbohydrates
in Germinating Seeds
After germinating, oil-containing seeds metabolize stored
triacylglycerols by converting lipids to sucrose. Plants are
not able to transport fats from the endosperm to the root
and shoot tissues of the germinating seedling, so they must
convert stored lipids to a more mobile form of carbon, gen-
erally sucrose. This process involves several steps that are
located in different cellular compartments: oleosomes, gly-
oxysomes, mitochondria, and cytosol.

Overview: Lipids to sucrose. The conversion of lipids
to sucrose in oilseeds is triggered by germination and
begins with the hydrolysis of triacylglycerols stored in the
oil bodies to free fatty acids, followed by oxidation of the
fatty acids to produce acetyl-CoA (Figure 11.18). The fatty
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FIGURE 11.18 The conversion of fats to sugars during ger-
mination in oil-storing seeds. (A) Carbon flow during fatty
acid breakdown and gluconeogenesis (refer to Figures 11.2,
11.3, and 11.6 for structures). (B) Electron micrograph of a
cell from the oil-storing cotyledon of a cucumber seedling,
showing glyoxysomes, mitochondria, and oleosomes.
(Photo courtesy of R. N. Trelease.)



acids are oxidized in a type of peroxisome called a gly-
oxysome, an organelle enclosed by a single bilayer mem-
brane that is found in the oil-rich storage tissues of seeds.
Acetyl-CoA is metabolized in the glyoxysome (see Figure
11.18A) to produce succinate, which is transported from the
glyoxysome to the mitochondrion, where it is converted
first to oxaloacetate and then to malate. The process ends
in the cytosol with the conversion of malate to glucose via
gluconeogenesis, and then to sucrose.

Although some of this fatty acid–derived carbon is
diverted to other metabolic reactions in certain oilseeds, in
castor bean (Ricinus communis) the process is so efficient
that each gram of lipid metabolized results in the forma-
tion of 1 g of carbohydrate, which is equivalent to a 40%
recovery of free energy in the form of carbon bonds ([15.9
kJ/40 kJ] × 100 = 40%).

Lipase hydrolysis. The initial step in the conversion of
lipids to carbohydrate is the breakdown of triglycerides
stored in the oil bodies by the enzyme lipase, which, at
least in castor bean endosperm, is located on the half-mem-
brane that serves as the outer boundary of the oil body. The
lipase hydrolyzes triacylglycerols to three molecules of
fatty acid and glycerol. Corn and cotton also contain a
lipase activity in the oil body, but peanut, soybean, and
cucumber show lipase activity in the glyoxysome instead.
During the breakdown of lipids, oil bodies and gly-
oxysomes are generally in close physical association (see
Figure 11.18B).

β-Oxidation of fatty acids. After hydrolysis of the tria-
cylglycerols, the resulting fatty acids enter the glyoxysome,
where they are activated by conversion to fatty-acyl-CoA
by the enzyme fatty-acyl-CoA synthase. Fatty-acyl-CoA is
the initial substrate for the β-oxidation series of reactions,
in which Cn fatty acids (fatty acids composed of n number
of carbons) are sequentially broken down to n/2 molecules
of acetyl-CoA (see Figure 11.18A). This reaction sequence
involves the reduction of 1⁄2 O2 to H2O and the formation
of 1 NADH and 1 FADH2 for each acetyl-CoA produced.

In mammalian tissues, the four enzymes associated with
β-oxidation are present in the mitochondrion; in plant seed
storage tissues, they are localized exclusively in the gly-
oxysome. Interestingly, in plant vegetative tissues (e.g.,
mung bean hypocotyl and potato tuber), the β-oxidation
reactions are localized in a related organelle, the peroxi-
some (see Chapter 1).

The glyoxylate cycle. The function of the glyoxylate
cycle is to convert two molecules of acetyl-CoA to succi-
nate. The acetyl-CoA produced by β-oxidation is further
metabolized in the glyoxysome through a series of reac-
tions that make up the glyoxylate cycle (see Figure 11.18A).
Initially, the acetyl-CoA reacts with oxaloacetate to give cit-
rate, which is then transferred to the cytoplasm for iso-

merization to isocitrate by aconitase. Isocitrate is reim-
ported into the peroxisome and converted to malate by two
reactions that are unique to the glyoxylate pathway.

1. First isocitrate (C6) is cleaved by the enzyme isocitrate
lyase to give succinate (C4) and glyoxylate (C2). This
succinate is exported to the motochondria.

2. Next malate synthase combines a second molecule of
acetyl-CoA with glyoxylate to produce malate.

Malate is then oxidized by malate dehydrogenase to
oxaloacetate, which can combine with another acetyl-CoA
to continue the cycle (see Figure 11.18A). The glyoxylate
produced keeps the cycle operating in the glyoxysome, but
the succinate is exported to the mitochondria for further
processing.

The mitochondrial role. Moving from the glyoxysomes
to the mitochondria, the succinate is converted to malate
by the normal citric acid cycle reactions. The resulting
malate can be exported from the mitochondria in exchange
for succinate via the dicarboxylate transporter located in
the inner mitochondrial membrane. Malate is then oxidized
to oxaloacetate by malate dehydrogenase in the cytosol,
and the resulting oxaloacetate is converted to carbohydrate.

This conversion requires circumventing the irreversibil-
ity of the pyruvate kinase reaction (see Figure 11.3) and is
facilitated by the enzyme PEP carboxykinase, which uti-
lizes the phosphorylating ability of ATP to convert oxaloac-
etate to PEP and CO2 (see Figure 11.18A). From PEP, glu-
coneogenesis can proceed to the production of glucose, as
described earlier. Sucrose is the final product of this
process, and the primary form of reduced carbon translo-
cated from the cotyledons to the growing seedling tissues.
Not all seeds quantitatively convert fat to sugar (see Web
Topic 11.9).

SUMMARY
In plant respiration, reduced cellular carbon generated dur-
ing photosynthesis is oxidized to CO2 and water, and this
oxidation is coupled to the synthesis of ATP. Respiration
takes place in three main stages: glycolysis, the citric acid
cycle, and oxidative phosphorylation. The latter comprises
the electron transport chain and ATP synthesis.

In glycolysis, carbohydrate is converted in the cytosol to
pyruvate, and a small amount of ATP is synthesized via
substrate-level phosphorylation. Pyruvate is subsequently
oxidized within the mitochondrial matrix through the cit-
ric acid cycle, generating a large number of reducing equiv-
alents in the form of NADH and FADH2.

In the third stage, oxidative phosphorylation, electrons
from NADH and FADH2 pass through the electron trans-
port chain in the inner mitochondrial membrane to reduce
oxygen. The chemical energy is conserved in the form of an
electrochemical proton gradient, which is created by the
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coupling of electron flow to proton pumping from the
matrix to the intermembrane space. This energy is then
converted into chemical energy in the form of ATP by the
FoF1-ATP synthase, also located in the inner membrane,
which couples ATP synthesis from ADP and Pi to the flow
of protons back into the matrix down their electrochemical
gradient.

Aerobic respiration in plants has several unique fea-
tures, including the presence of a cyanide-resistant alter-
native oxidase and multiple NAD(P)H dehydrogenases,
none of which pumps protons. Substrate oxidation during
respiration is regulated at control points in glycolysis, the
citric acid cycle, and the electron transport chain, but ulti-
mately substrate oxidation is controlled by the level of cel-
lular ADP. Carbohydrates can also be oxidized via the
oxidative pentose phosphate pathway, in which the reduc-
ing power is produced in the form of NADPH mainly for
biosynthetic purposes. Numerous glycolytic and citric acid
cycle intermediates also provide the starting material for a
multitude of biosynthetic pathways.

More than 50% of the daily photosynthetic yield can be
respired by a plant, but many factors can affect the respi-
ration rate observed at the whole-plant level. These factors
include the nature and age of the plant tissue, as well as
environmental factors such as light, oxygen concentration,
temperature, and CO2 concentration.

Lipids play a major role in plants: Amphipathic lipids
serve as the primary nonprotein components of plant
membranes; fats and oils are an efficient storage form of
reduced carbon, particularly in seeds. Glycerolipids play
important roles as structural components of membranes.
Fatty acids are synthesized in plastids using acetyl-CoA.
Fatty acids from the plastid can be transported to the ER,
where they are further modified.

Membrane function may be influenced by the lipid
composition. The degree of unsaturation of the fatty acids
influences the sensitivity of plants to cold but does not
seem to be involved in normal chilling injury. On the other
hand, certain membrane lipid breakdown products, such
as jasmonic acid, can act as signaling agents in plant cells.

Triacylglycerol is synthesized in the ER and accumulates
within the phospholipid bilayer, forming oil bodies. Dur-
ing germination in oil-storing seeds, the stored lipids are
metabolized to carbohydrate in a series of reactions that
involve a metabolic sequence known as the glyoxylate
cycle. This cycle takes place in glyoxysomes, and subse-
quent steps occur in the mitochondria. The reduced carbon
generated during lipid breakdown in the glyoxysomes is
ultimately converted to carbohydrate in the cytosol by glu-
coneogenesis.

Web Material

Web Topics
11.1 Isolation of Mitochondria

Methods for the isolation of intact, functional
mitochondria have been developed.

11.2 The Electron Transport Chain of Plant
Mitochondria Contains Multiple NAD(P)H
Dehydrogenases

Mitochondrial NAD(P)H dehydrogenases oxi-
dize NADH or NADPH and pass the electrons to
ubiquinone.

11.3 The Alternative Oxidase

The alternative oxidase is an oxidoreductase
localized at the inner membrane of plant mito-
chondria.

11.4 FoF1-ATP Synthases: The World’s Smallest
Rotary Motors

Rotation of the g subunit brings about the con-
formational changes that allow the release of
ATP from the enzyme.

11.5 Transport In and Out of Plant Mitochondria

Plant mitochondria operate different transport
mechanisms.

11.6 The Genetic System of Plant Mitochondria
Has Some Special Features

The mitochondrial genome encodes about 40
mitochondrial proteins.

11.7 Does Respiration Reduce Crop Yields?

Empirical relations between plant respiration
rates and crop yield have been established.

11.8 The Lipid Composition of Membranes Affects
the Cell Biology and Physiology of Plants

Lipid mutants are expanding our understand-
ing of the ability of organisms to adapt to tem-
perature changes.

11.9 Utilization of Oil Reserves in Cotyledons

In some species, only part of the stored lipid in
the cotyledons is exported as carbohydrate.

Web Essays
11.1 Metabolic Flexibility Helps Plants Survive

Stress

The ability of plants to carry out a metabolic
step in different ways increases plant survival
under stress.
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11.2 Metabolic Profiling of Plant Cells

Metabolic profiling complements genomics
and proteomics.

11.3 Temperature Regulation by Thermogenic
Flowers

In thermogenic flowers, such as the Arum lilies,
temperature can increase up to 20°C above
their surroundings.

11.4 Reactive Oxygen Species (ROS) and Plant
Mitochondria

The production of damaging reactive oxygen
species is an unavoidable consequence of aero-
bic respiration.

11.5 The Role of Respiration in Desiccation
Tolerance

Respiration has both positive and negative
effects on the survival of plant cells under
water stress.

11.6 Balancing Life and Death; The Role of Mito-
chondria in Programmed Cell Death

Programmed cell death is an integral part of
the life cycle of plants, directly involving mito-
chondria.

Chapter References

Abrahams, J. P., Leslie, A. G. W., Lutter, R., and Walker, J. E. (1994)
Structure at 2.8 Å resolution of F1-ATPase from bovine heart
mitochondria. Nature 370: 621–628.

Ap Rees, T. (1980) Assessment of the contributions of metabolic path-
ways to plant respiration. In The Biochemistry of Plants, Vol. 2, D.
D. Davies, ed., Academic Press, New York, pp. 1–29.

Brand, M. D. (1994) The stoichiometry of proton pumping and ATP
synthesis in mitochondria. Biochemist 16(4): 20–24.

Bruhn, D., Mikkelsen, T. N., and Atkin, O. K. (2002) Does the direct
effect of atmospheric CO2 concentration on leaf respiration vary
with temperature? Responses in two species of Plantago that dif-
fer in relative growth rate. Physiol. Plant. 114: 57–64.

Budde, R. J. A., and Randall, D. D. (1990) Pea leaf mitochondrial
pyruvate dehydrogenase complex is inactivated in vivo in a light-
dependent manner. Proc. Natl. Acad. Sci. USA 87: 673–676.

Dahlqvist, A., Stahl, U., Lenman, M., Banas, A., Lee, M., Sandager,
L., Ronne, H., and Stymne, S. (2000) Phospholipid:diacylglycerol
acyltransferase: An enzyme that catalyzes the acyl-CoA-inde-
pendent formation of triacylglycerol in yeast and plants. Proc.
Natl. Acad. Sci. USA 97: 6487–6492.

Dennis, D. T., and Blakely, S. D. (2000) Carbohydrate metabolism. In
Biochemistry & Molecular Biology of Plants, B. Buchanan, W. Gruis-
sem, and R. Jones, eds., American Society of Plant Physiologists,
Rockville, MD, pp. 630–674.

Dennis, D. T., Huang, Y., and Negm, F. B. (1997) Glycolysis, the pen-
tose phosphate pathway and anaerobic respiration. In Plant
Metabolism, 2nd ed., D. T. Dennis, D. H. Turpin, D. D. Lefebvre,
and D. B. Layzell, eds., Longman, Singapore, pp. 105–123.

Douce, R. (1985) Mitochondria in Higher Plants: Structure, Function,
and Biogenesis. Academic Press, Orlando, FL.

Drake, B. G., Azcon-Bieto, J., Berry, J., Bunce, J., Dijkstra, P., Farrar, J.,
Gifford, R. M., Gonzalez-Meler, M. A., Koch, G., Lambers, H.,
Siedow, J., and Wullschleger, S. (1999) Does elevated atmospheric
CO2 concentration inhibit mitochondrial respiration in green
plants? Plant Cell Environ. 22: 649–657.

Givan, C. V. (1999) Evolving concepts in plant glycolysis: Two cen-
turies of progress. Biol. Rev. 74: 277–309.

Griffin, K. L., Anderson, O. R., Gastrich, M. D., Lewis, J. D., Lin, G.,
Schuster, W., Seemann, J. R., Tissue, D. T., Turnbull, M. H., and
Whitehead, D. (2001) Plant growth in elevated CO2 alters mito-
chondrial number and chloroplast fine structure. Proc. Natl. Acad.
Sci. USA 98: 2473–2478.

Gunning, B. E. S., and Steer, M. W. (1996) Plant Cell Biology: Structure
and Function of Plant Cells. Jones and Bartlett, Boston.

Hoefnagel, M. H. N., Atkin, O. K., and Wiskich, J. T. (1998) Interde-
pendence between chloroplasts and mitochondria in the light
and the dark. Biochim. Biophys. Acta 1366: 235–255.

Huang, J., Struck, F., Matzinger, D. F., and Levings, C. S. (1994)
Flower-enhanced expression of a nuclear-encoded mitochon-
drial respiratory protein is associated with changes in mito-
chondrion number. Plant Cell 6: 439–448.

Jahnke, S. (2001) Atmospheric CO2 concentration does not directly
affect leaf respiration in bean or poplar. Plant Cell Environ. 24:
1139–1151.

Krömer, S. (1995) Respiration during photosynthesis. Annu. Rev.
Plant Physiol. Plant Mol. Biol. 46: 45–70.

Kruger, N. J. (1997) Carbohydrate synthesis and degradation. In
Plant Metabolism, 2nd ed., D. T. Dennis, D. H. Turpin, D. D. Lefeb-
vre, and D. B. Layzell, eds., Longman, Singapore, pp. 83–104.

Laloi, M., Klein, M., Riesmeier, J. W., Müller-Röber, B., Fleury, C.,
Bouillaud, F., and Ricquier, D. (1997) A plant cold-induced
uncoupling protein. Nature 389: 135–136.

Lambers, H. (1985) Respiration in intact plants and tissues. Its regu-
lation and dependence on environmental factors, metabolism
and invaded organisms. In Higher Plant Cell Respiration (Ency-
clopedia of Plant Physiology, New Series, Vol. 18), R. Douce and
D. A. Day, eds., Springer, Berlin, pp. 418–473.

Leon, P., Arroyo, A., and Mackenzie, S. (1998) Nuclear control of
plastid and mitochondrial development in higher plants. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 49: 453–480.

Levings, C. S., III, and Siedow, J. N. (1992) Molecular basis of disease
susceptibility in the Texas cytoplasm of maize. Plant Mol. Biol. 19:
135–147.

Marienfeld, J., Unseld, M., and Brennicke, A. (1999) The mitochon-
drial genome of Arabidopsis is composed of both native and
immigrant information. Trends Plant Sci. 4: 495–502.

McCabe, T. C., Daley, D., and Whelan, J. (2000) Regulatory, devel-
opmental and tissue aspects of mitochondrial biogenesis in
plants. Plant Biol. 2: 121–135.

Møller, I. M. (2001) Plant mitochondria and oxidative stress. Electron
transport, NADPH turnover and metabolism of reactive oxygen
species. Annu. Rev. Plant Physiol. Plant Mol. Biol. 52: 561–591.

Møller, I. M., and Rasmusson, A. G. (1998) The role of NADP in the
mitochondrial matrix. Trends Plant Sci. 3: 21–27.

Napier, J. A., Stobart, A. K., and Shewry, P. R. (1996) The structure
and biogenesis of plant oil bodies: The role of the ER membrane
and the oleosin class of proteins. Plant Mol. Biol. 31: 945–956.

Nicholls, D. G., and Ferguson, S. J. (2002) Bioenergetics 3, 3rd ed. Aca-
demic Press, San Diego, CA.

Noctor, G., and Foyer, C. H. (1998) A re-evaluation of the
ATP:NADPH budget during C3 photosynthesis: A contribution

Respiration and Lipid Metabolism 257



from nitrate assimilation and its associated respiratory activity?
J. Exp. Bot. 49: 1895–1908.

Ohlrogge, J. B., and Browse, J. A. (1995) Lipid biosynthesis. Plant Cell
7: 957–970.

Ohlrogge, J. B., and Jaworski, J. G. (1997) Regulation of fatty acid
synthesis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48: 109–136.

Oliver, D. J., and McIntosh, C. A. (1995) The biochemistry of the
mitochondrial matrix. In The Molecular Biology of Plant Mitochon-
dria, C. S. Levings III and I. Vasil, eds., Kluwer, Dordrecht,
Netherlands, pp. 237–280.

Plaxton, W. C. (1996) The organization and regulation of plant gly-
colysis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47: 185–214.

Raskin, I., Turner, I. M., and Melander, W. R. (1989) Regulation of
heat production in the inflorescences of an Arum lily by endoge-
nous salicylic acid. Proc. Natl. Acad. Sci. USA 86: 2214–2218.

Sachs, M. M., Subbaiah, C. C., and Saab, I. N. (1996) Anaerobic gene
expression and flooding tolerance in maize. J. Exp. Bot. 47: 1–15.

Sasaki, Y., Konishi, T., and Nagano, Y. (1995) The compartmentation
of acetyl-coenzyme A carboxylase in plants. Plant Physiol. 108:
445–449.

Schroeder, J. I., Allen, G. J., Hugouvieux, V., Kwak, J. M., and Waner,
D. (2001) Guard cell signal transduction. Annu. Rev. Plant Phys-
iol. Plant Mol. Biol. 52: 627–658.

Siedow, J. N. (1995) Bioenergetics: The plant mitochondrial electron
transfer chain. In The Molecular Biology of Plant Mitochondria, C. S.
Levings III and I. Vasil, eds., Kluwer, Dordrecht, Netherlands, pp.
281–312.

Siedow, J. N., and Umbach, A. L. (1995) Plant mitochondrial electron
transfer and molecular biology. Plant Cell 7: 821–831.

Stintzi, A., and Browse, J. (2000) The Arabidopsis male-sterile mutant,
opr3, lacks the 12-oxophytodienoic acid reductase required for
jasmonate synthesis. Proc. Natl. Acad. Sci. USA 97: 10625–10630.

Thompson, P., Bowsher, C. G., and Tobin, A. K. (1998) Heterogene-
ity of mitochondrial protein biogenesis during primary leaf
development in barley. Plant Physiol. 118: 1089–1099.

Tucker, G. A. (1993) Introduction. In Biochemistry of Fruit Ripening, G.
Seymour, J. Taylor, and G. Tucker, eds., Chapman & Hall, Lon-
don, pp. 1–51.

Vanlerberghe, G. C., and McIntosh, L. (1997) Alternative oxidase:
From gene to function. Annu. Rev. Plant Physiol. Plant Mol. Biol.
48: 703–734.

Vedel, F., Lalanne, É., Sabar, M., Chétrit, P., and De Paepe, R. (1999)
The mitochondrial respiratory chain and ATP synthase com-
plexes: Composition, structure and mutational studies. Plant
Physiol. Biochem. 37: 629–643.

Vercesi, A. E., Martins I. S., Silva, M. P., and Leite, H. M. F. (1995)
PUMPing plants. Nature 375: 24.

Wagner, A. M., and Krab, K. (1995) The alternative respiration path-
way in plants: Role and regulation. Physiol. Plant. 95: 318–325.

Wang, X. (2001) Plant phospholipases. Annu. Rev. Plant Physiol. Plant
Mol. Biol. 52: 211–231.

Whitehouse, D. G., and Moore, A. L. (1995) Regulation of oxidative
phosphorylation in plant mitochondria. In The Molecular Biology
of Plant Mitochondria, C. S. Levings III and I. K. Vasil, eds., Kluwer,
Dordrecht, Netherlands, pp. 313–344.

Wolter, F. P., Schmidt, R., and Heinz, E. (1992) Chilling sensitivity of
Arabidopsis thaliana with genetically engineered membrane lipids.
EMBO J. 11: 4685–4692.

258 Chapter 11



Assimilation of Mineral
Nutrients12

Chapter

HIGHER PLANTS ARE AUTOTROPHIC ORGANISMS that can syn-
thesize their organic molecular components out of inorganic nutrients
obtained from their surroundings. For many mineral nutrients, this
process involves absorption from the soil by the roots (see Chapter 5)
and incorporation into the organic compounds that are essential for
growth and development. This incorporation of mineral nutrients into
organic substances such as pigments, enzyme cofactors, lipids, nucleic
acids, and amino acids is termed nutrient assimilation.

Assimilation of some nutrients—particularly nitrogen and sulfur—
requires a complex series of biochemical reactions that are among the
most energy-requiring reactions in living organisms:

• In nitrate (NO3
–) assimilation, the nitrogen in NO3

– is converted to
a higher-energy form in nitrite (NO2

–), then to a yet higher-energy
form in ammonium (NH4

+), and finally into the amide nitrogen of
glutamine. This process consumes the equivalent of 12 ATPs per
nitrogen (Bloom et al. 1992).

• Plants such as legumes form symbiotic relationships with nitro-
gen-fixing bacteria to convert molecular nitrogen (N2) into ammo-
nia (NH3). Ammonia (NH3) is the first stable product of natural
fixation; at physiological pH, however, ammonia is protonated to
form the ammonium ion (NH4

+). The process of biological nitro-
gen fixation, together with the subsequent assimilation of NH3
into an amino acid, consumes about 16 ATPs per nitrogen (Pate
and Layzell 1990; Vande Broek and Vanderleyden 1995).

• The assimilation of sulfate (SO4
2–) into the amino acid cysteine via

the two pathways found in plants consumes about 14 ATPs (Hell
1997).

For some perspective on the enormous energies involved, consider that
if these reactions run rapidly in reverse—say, from NH4NO3 (ammo-
nium nitrate) to N2—they become explosive, liberating vast amounts of
energy as motion, heat, and light. Nearly all explosives are based on the
rapid oxidation of nitrogen or sulfur compounds.



Assimilation of other nutrients, especially the macronu-
trient and micronutrient cations (see Chapter 5), involves
the formation of complexes with organic compounds. For
example, Mg2+ associates with chlorophyll pigments, Ca2+

associates with pectates within the cell wall, and Mo6+

associates with enzymes such as nitrate reductase and
nitrogenase. These complexes are highly stable, and
removal of the nutrient from the complex may result in
total loss of function.

This chapter outlines the primary reactions through
which the major nutrients (nitrogen, sulfur, phosphate,
cations, and oxygen) are assimilated. We emphasize the
physiological implications of the required energy expendi-
tures and introduce the topic of symbiotic nitrogen fixation.

NITROGEN IN THE ENVIRONMENT
Many biochemical compounds present in plant cells con-
tain nitrogen (see Chapter 5). For example, nitrogen is
found in the nucleoside phosphates and amino acids that
form the building blocks of nucleic acids and proteins,
respectively. Only the elements oxygen, carbon, and hydro-
gen are more abundant in plants than nitrogen. Most nat-
ural and agricultural ecosystems show dramatic gains in
productivity after fertilization with inorganic nitrogen,
attesting to the importance of this element.

In this section we will discuss the biogeochemical cycle
of nitrogen, the crucial role of nitrogen fixation in the con-
version of molecular nitrogen into ammonium and

nitrate, and the fate of nitrate and ammonium in plant 
tissues.

Nitrogen Passes through Several Forms in a
Biogeochemical Cycle
Nitrogen is present in many forms in the biosphere. The
atmosphere contains vast quantities (about 78% by vol-
ume) of molecular nitrogen (N2) (see Chapter 9). For the
most part, this large reservoir of nitrogen is not directly
available to living organisms. Acquisition of nitrogen from
the atmosphere requires the breaking of an exceptionally
stable triple covalent bond between two nitrogen atoms
(N———N) to produce ammonia (NH3) or nitrate (NO3

–).
These reactions, known as nitrogen fixation, can be accom-
plished by both industrial and natural processes.

Under elevated temperature (about 200°C) and high
pressure (about 200 atmospheres), N2 combines with
hydrogen to form ammonia. The extreme conditions are
required to overcome the high activation energy of the
reaction. This nitrogen fixation reaction, called the
Haber–Bosch process, is a starting point for the manufacture
of many industrial and agricultural products. Worldwide
industrial production of nitrogen fertilizers amounts to
more than 80 × 1012 g yr–1 (FAOSTAT 2001).

Natural processes fix about 190 × 1012 g yr–1 of nitrogen
(Table 12.1) through the following processes (Schlesinger
1997):

• Lightning. Lightning is responsible for about 8% of the
nitrogen fixed. Lightning converts water vapor and

TABLE 12.1
The major processes of the biogeochemical nitrogen cycle

Rate
Process Definition (1012 g yr–1)a

Industrial fixation Industrial conversion of molecular nitrogen to ammonia 80

Atmospheric fixation Lightning and photochemical conversion of molecular nitrogen to nitrate 19

Biological fixation Prokaryotic conversion of molecular nitrogen to ammonia 170

Plant acquisition Plant absorption and assimilation of ammonium or nitrate 1200

Immobilization Microbial absorption and assimilation of ammonium or nitrate N/C

Ammonification Bacterial and fungal catabolism of soil organic matter to ammonium N/C

Nitrification Bacterial (Nitrosomonas sp.) oxidation of ammonium to nitrite and subsequent 
bacterial (Nitrobacter sp.) oxidation of nitrite to nitrate N/C

Mineralization Bacterial and fungal catabolism of soil organic matter to mineral nitrogen through 
ammonification or nitrification N/C

Volatilization Physical loss of gaseous ammonia to the atmosphere 100

Ammonium fixation Physical embedding of ammonium into soil particles 10

Denitrification Bacterial conversion of nitrate to nitrous oxide and molecular nitrogen 210

Nitrate leaching Physical flow of nitrate dissolved in groundwater out of the topsoil and eventually 
into the oceans 36

Note: Terrestrial organisms, the soil, and the oceans contain about 5.2 × 1015 g, 95 × 1015 g, and 6.5 x 1015 g, respectively, of organic nitrogen that is
active in the cycle. Assuming that the amount of atmospheric N2 remains constant (inputs = outputs), the mean residence time (the average time
that a nitrogen molecule remains in organic forms) is about 370 years [(pool size)/(fixation input) = (5.2 × 1015 g + 95 × 1015 g)/(80 × 1012 g yr–1 +
19 × 1012 g yr–1+ 170 × 1012 g yr–1)] (Schlesinger 1997).
aN/C, not calculated.
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oxygen into highly reactive hydroxyl free radicals,
free hydrogen atoms, and free oxygen atoms that
attack molecular nitrogen (N2) to form nitric acid
(HNO3). This nitric acid subsequently falls to Earth
with rain.

• Photochemical reactions. Approximately 2% of the
nitrogen fixed derives from photochemical reactions
between gaseous nitric oxide (NO) and ozone (O3)
that produce nitric acid (HNO3).

• Biological nitrogen fixation. The remaining 90% results
from biological nitrogen fixation, in which bacteria or
blue-green algae (cyanobacteria) fix N2 into ammo-
nium (NH4

+). 

From an agricultural standpoint, biological nitrogen fixa-
tion is critical because industrial production of nitrogen fer-
tilizers seldom meets agricultural demand (FAOSTAT
2001).

Once fixed in ammonium or nitrate, nitrogen enters a
biogeochemical cycle and passes through several organic
or inorganic forms before it eventually returns to molecu-
lar nitrogen (Figure 12.1; see also Table 12.1). The ammo-
nium (NH4

+) and nitrate (NO3
–) ions that are generated

through fixation or released through decomposition of soil
organic matter become the object of intense competition

among plants and microorganisms. To remain competitive,
plants have developed mechanisms for scavenging these
ions from the soil solution as quickly as possible (see Chap-
ter 5). Under the elevated soil concentrations that occur
after fertilization, the absorption of ammonium and nitrate
by the roots may exceed the capacity of a plant to assimi-
late these ions, leading to their accumulation within the
plant’s tissues.

Stored Ammonium or Nitrate Can Be Toxic
Plants can store high levels of nitrate, or they can translo-
cate it from tissue to tissue without deleterious effect. How-
ever, if livestock and humans consume plant material that
is high in nitrate, they may suffer methemoglobinemia, a
disease in which the liver reduces nitrate to nitrite, which
combines with hemoglobin and renders the hemoglobin
unable to bind oxygen. Humans and other animals may
also convert nitrate into nitrosamines, which are potent car-
cinogens. Some countries limit the nitrate content in plant
materials sold for human consumption.

In contrast to nitrate, high levels of ammonium are toxic
to both plants and animals. Ammonium dissipates trans-
membrane proton gradients (Figure 12.2) that are required
for both photosynthetic and respiratory electron transport
(see Chapters 7 and 11) and for sequestering metabolites in
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(ammonification)

Ammonium
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Immobilization
by bacteria
and fungi
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FIGURE 12.1 Nitrogen cycles through the atmosphere as it changes from a gaseous
form to reduced ions before being incorporated into organic compounds in living
organisms. Some of the steps involved in the nitrogen cycle are shown.
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the vacuole (see Chapter 6). Because high levels of ammo-
nium are dangerous, animals have developed a strong aver-
sion to its smell. The active ingredient in smelling salts, a
medicinal vapor released under the nose to revive a person
who has fainted, is ammonium carbonate. Plants assimilate
ammonium near the site of absorption or generation and
rapidly store any excess in their vacuoles, thus avoiding
toxic effects on membranes and the cytosol.

In the next section we will discuss the process by which
the nitrate absorbed by the roots via an H+–NO3

– sym-
porter (see Chapter 6 for a discussion of symport) is assim-
ilated into organic compounds, and the enzymatic
processes mediating the reduction of nitrate first into nitrite
and then into ammonium.

NITRATE ASSIMILATION
Plants assimilate most of the nitrate absorbed by their roots
into organic nitrogen compounds. The first step of this
process is the reduction of nitrate to nitrite in the cytosol
(Oaks 1994). The enzyme nitrate reductase catalyzes this
reaction:

NO3
– + NAD(P)H + H+ + 2 e– →
NO2

– + NAD(P)+ + H2O (12.1)

where NAD(P)H indicates NADH or NADPH. The most
common form of nitrate reductase uses only NADH as an
electron donor; another form of the enzyme that is found
predominantly in nongreen tissues such as roots can use
either NADH or NADPH (Warner and Kleinhofs 1992).

The nitrate reductases of higher plants are composed of
two identical subunits, each containing three prosthetic
groups: FAD (flavin adenine dinucleotide), heme, and a
molybdenum complexed to an organic molecule called a
pterin (Mendel and Stallmeyer 1995; Campbell 1999).

Nitrate reductase is the main molybdenum-containing pro-
tein in vegetative tissues, and one symptom of molybde-
num deficiency is the accumulation of nitrate that results
from diminished nitrate reductase activity.

Comparison of the amino acid sequences for nitrate
reductase from several species with those of other well-
characterized proteins that bind FAD, heme, or molybde-
num has led to the three-domain model for nitrate reduc-
tase shown in Figure 12.3. The FAD-binding domain
accepts two electrons from NADH or NADPH. The elec-
trons then pass through the heme domain to the molybde-
num complex, where they are transferred to nitrate.

Nitrate, Light, and Carbohydrates 
Regulate Nitrate Reductase
Nitrate, light, and carbohydrates influence nitrate reductase
at the transcription and translation levels (Sivasankar and
Oaks 1996). In barley seedlings, nitrate reductase mRNA
was detected approximately 40 minutes after addition of
nitrate, and maximum levels were attained within 3 hours
(Figure 12.4). In contrast to the rapid mRNA accumulation,
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FIGURE 12.3 A model of the nitrate reductase dimer, illus-
trating the three binding domains whose polypeptide
sequences are similar in eukaryotes: molybdenum complex
(MoCo), heme, and FAD. The NADH binds at the FAD-
binding region of each subunit and initiates a two-electron
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the electron transfer components, to the amino (N) termi-
nus. Nitrate is reduced at the molybdenum complex near
the amino terminus. The polypeptide sequences of the
hinge regions are highly variable among species.
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there was a gradual linear increase in nitrate reductase
activity, reflecting the slower synthesis of the protein.

In addition, the protein is subject to posttranslational
modulation (involving a reversible phosphorylation) that
is analogous to the regulation of sucrose phosphate syn-
thase (see Chapters 8 and 10). Light, carbohydrate levels,
and other environmental factors stimulate a protein phos-
phatase that dephosphorylates several serine residues on
the nitrate reductase protein and thereby activates the
enzyme.

Operating in the reverse direction, darkness and Mg2+

stimulate a protein kinase that phosphorylates the same
serine residues, which then interact with a 14-3-3 inhibitor
protein, and thereby inactivate nitrate reductase (Kaiser et
al. 1999). Regulation of nitrate reductase activity through phos-
phorylation and dephosphorylation provides more rapid control
than can be achieved through synthesis or degradation of the
enzyme (minutes versus hours).

Nitrite Reductase Converts Nitrite to Ammonium
Nitrite (NO2

–) is a highly reactive, potentially toxic ion.
Plant cells immediately transport the nitrite generated by
nitrate reduction (see Equation 12.1) from the cytosol into
chloroplasts in leaves and plastids in roots. In these
organelles, the enzyme nitrite
reductase reduces nitrite to
ammonium according to the
following overall reaction:

NO2
– + 6 Fdred + 8 H+ + 6 e– →

NH4
+ + 6 Fdox + 2 H2O

(12.2)

where Fd is ferredoxin, and
the subscripts red and ox
stand for reduced and oxi-
dized, respectively. Reduced
ferredoxin derives from pho-
tosynthetic electron transport
in the chloroplasts (see Chap-

ter 7) and from NADPH generated by the oxidative pen-
tose phosphate pathway in nongreen tissues (see Chapter
11).

Chloroplasts and root plastids contain different forms of
the enzyme, but both forms consist of a single polypeptide
containing two prosthetic groups: an iron–sulfur cluster
(Fe4S4) and a specialized heme (Siegel and Wilkerson 1989).
These groups acting together bind nitrite and reduce it
directly to ammonium, without accumulation of nitrogen
compounds of intermediate redox states. The electron flow
through ferredoxin (Fe4S4) and heme can be represented as
in Figure 12.5.

Nitrite reductase is encoded in the nucleus and synthe-
sized in the cytoplasm with an N-terminal transit peptide
that targets it to the plastids (Wray 1993). Whereas NO3

–

and light induce the transcription of nitrite reductase
mRNA, the end products of the process—asparagine and
glutamine—repress this induction.

Plants Can Assimilate Nitrate in Both 
Roots and Shoots
In many plants, when the roots receive small amounts of
nitrate, nitrate is reduced primarily in the roots. As the
supply of nitrate increases, a greater proportion of the
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the reduction of nitrite by nitrite reductase. The enzyme contains two prosthetic
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Assimilation of Mineral Nutrients 263



absorbed nitrate is translocated to the shoot and assimi-
lated there (Marschner 1995). Even under similar condi-
tions of nitrate supply, the balance between root and shoot
nitrate metabolism—as indicated by the proportion of
nitrate reductase activity in each of the two organs or by
the relative concentrations of nitrate and reduced nitrogen
in the xylem sap—varies from species to species.

In plants such as the cocklebur (Xanthium strumarium),
nitrate metabolism is restricted to the shoot; in other plants,
such as white lupine (Lupinus albus), most nitrate is metab-
olized in the roots (Figure 12.6). Generally, species native
to temperate regions rely more heavily on nitrate assimila-
tion by the roots than do species of tropical or subtropical
origins.

AMMONIUM ASSIMILATION
Plant cells avoid ammonium toxicity by rapidly converting
the ammonium generated from nitrate assimilation or pho-
torespiration (see Chapter 8) into amino acids. The primary
pathway for this conversion involves the sequential actions
of glutamine synthetase and glutamate synthase (Lea et al.
1992). In this section we will discuss the enzymatic
processes that mediate the assimilation of ammonium into
essential amino acids, and the role of amides in the regu-
lation of nitrogen and carbon metabolism.

Conversion of Ammonium to Amino Acids
Requires Two Enzymes
Glutamine synthetase (GS) combines ammonium with
glutamate to form glutamine (Figure 12.7A):

Glutamate + NH4
+ + ATP → glutamine + ADP + Pi (12.3)

This reaction requires the hydrolysis of one ATP and
involves a divalent cation such as Mg2+, Mn2+, or Co2+ as a
cofactor. Plants contain two classes of GS, one in the cytosol
and the other in root plastids or shoot chloroplasts. The
cytosolic forms are expressed in germinating seeds or in the
vascular bundles of roots and shoots and produce gluta-
mine for intracellular nitrogen transport. The GS in root
plastids generates amide nitrogen for local consumption;
the GS in shoot chloroplasts reassimilates photorespiratory
NH4

+ (Lam et al. 1996). Light and carbohydrate levels alter
the expression of the plastid forms of the enzyme, but they
have little effect on the cytosolic forms.

Elevated plastid levels of glutamine stimulate the activ-
ity of glutamate synthase (also known as glutamine:2-oxo-
glutarate aminotransferase, or GOGAT). This enzyme trans-
fers the amide group of glutamine to 2-oxoglutarate, yield-
ing two molecules of glutamate (see Figure 12.7A). Plants
contain two types of GOGAT: One accepts electrons from
NADH; the other accepts electrons from ferredoxin (Fd):

Glutamine + 2-oxoglutarate + NADH + H+ →
2 glutamate + NAD+ (12.4)

Glutamine + 2-oxoglutarate + Fdred →
2 glutamate + Fdox (12.5)

The NADH type of the enzyme (NADH-GOGAT) is
located in plastids of nonphotosynthetic tissues such as
roots or vascular bundles of developing leaves. In roots,
NADH-GOGAT is involved in the assimilation of NH4

+

absorbed from the rhizosphere (the soil near the surface of
the roots); in vascular bundles of developing leaves,
NADH-GOGAT assimilates glutamine translocated from
roots or senescing leaves.

The ferredoxin-dependent type of glutamate synthase (Fd-
GOGAT) is found in chloroplasts and serves in photorespi-
ratory nitrogen metabolism. Both the amount of protein and
its activity increase with light levels. Roots, particularly those
under nitrate nutrition, have Fd-GOGAT in plastids. Fd-
GOGAT in the roots presumably functions to incorporate the
glutamine generated during nitrate assimilation.

Ammonium Can Be Assimilated via an Alternative
Pathway
Glutamate dehydrogenase (GDH) catalyzes a reversible
reaction that synthesizes or deaminates glutamate (Figure
12.7B):

2-Oxoglutarate + NH4
+ + NAD(P)H ↔

glutamate + H2O + NAD(P)+ (12.6)
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FIGURE 12.6 Relative amounts of nitrate and other nitrogen
compounds in the xylem exudate of various plant species.
The plants were grown with their roots exposed to nitrate
solutions, and xylem sap was collected by severing of the
stem. Note the presence of ureides, specialized nitrogen
compounds, in bean and pea (which will be discussed later
in the text). (After Pate 1983.)
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An NADH-dependent form of GDH is found in mito-
chondria, and an NADPH-dependent form is localized in
the chloroplasts of photosynthetic organs. Although both
forms are relatively abundant, they cannot substitute for
the GS–GOGAT pathway for assimilation of ammonium,
and their primary function is to deaminate glutamate (see
Figure 12.7B).

Transamination Reactions Transfer Nitrogen
Once assimilated into glutamine and glutamate, nitrogen
is incorporated into other amino acids via transamination
reactions. The enzymes that catalyze these reactions are
known as aminotransferases. An example is aspartate
aminotransferase (Asp-AT), which catalyzes the following
reaction (Figure 12.7C):

Glutamate + oxaloacetate →
aspartate + 2-oxoglutarate (12.7)

in which the amino group of glutamate is transferred to the
carboxyl atom of aspartate. Aspartate is an amino acid that
participates in the malate–aspartate shuttle to transfer
reducing equivalents from the mitochondrion and chloro-
plast into the cytosol (see Chapter 11) and in the transport
of carbon from mesophyll to bundle sheath for C4 carbon
fixation (see Chapter 8). All transamination reactions
require pyridoxal phosphate (vitamin B6) as a cofactor.

Aminotransferases are found in the cytoplasm, chloro-
plasts, mitochondria, glyoxysomes, and peroxisomes. The
aminotransferases localized in the chloroplasts may have
a significant role in amino acid biosynthesis because plant
leaves or isolated chloroplasts exposed to radioactively
labeled carbon dioxide rapidly incorporate the label into
glutamate, aspartate, alanine, serine, and glycine.

Asparagine and Glutamine Link Carbon and
Nitrogen Metabolism
Asparagine, isolated from asparagus as early as 1806, was
the first amide to be identified (Lam et al. 1996). It serves
not only as a protein precursor, but as a key compound for
nitrogen transport and storage because of its stability and
high nitrogen-to-carbon ratio (2 N to 4 C for asparagine,
versus 2 N to 5 C for glutamine or 1 N to 5 C for gluta-
mate).

The major pathway for asparagine synthesis involves
the transfer of the amide nitrogen from glutamine to
asparagine (Figure 12.7D):

Glutamine + aspartate + ATP →
asparagine + glutamate + AMP + PPi (12.8)

Asparagine synthetase (AS), the enzyme that catalyzes this
reaction, is found in the cytosol of leaves and roots and in
nitrogen-fixing nodules (see the next section). In maize
roots, particularly those under potentially toxic levels of
ammonia, ammonium may replace glutamine as the source
of the amide group (Sivasankar and Oaks 1996).

High levels of light and carbohydrate—conditions that
stimulate plastid GS and Fd-GOGAT—inhibit the expres-
sion of genes coding for AS and the activity of the enzyme.
The opposing regulation of these competing pathways helps
balance the metabolism of carbon and nitrogen in plants
(Lam et al. 1996). Conditions of ample energy (i.e., high lev-
els of light and carbohydrates) stimulate GS and GOGAT,
inhibit AS, and thus favor nitrogen assimilation into gluta-
mine and glutamate, compounds that are rich in carbon and
participate in the synthesis of new plant materials.

By contrast, energy-limited conditions inhibit GS and
GOGAT, stimulate AS, and thus favor nitrogen assimilation
into asparagine, a compound that is rich in nitrogen and
sufficiently stable for long-distance transport or long-term
storage.

BIOLOGICAL NITROGEN FIXATION
Biological nitrogen fixation accounts for most of the fixation
of atmospheric N2 into ammonium, thus representing the
key entry point of molecular nitrogen into the biogeochem-
ical cycle of nitrogen (see Figure 12.1). In this section we will
describe the properties of the nitrogenase enzymes that fix
nitrogen, the symbiotic relations between nitrogen-fixing
organisms and higher plants, the specialized structures that
form in roots when infected by nitrogen-fixing bacteria, and
the genetic and signaling interactions that regulate nitrogen
fixation by symbiotic prokaryotes and their hosts.

Free-Living and Symbiotic Bacteria Fix Nitrogen
Some bacteria, as stated earlier, can convert atmospheric
nitrogen into ammonium (Table 12.2). Most of these nitro-
gen-fixing prokaryotes are free-living in the soil. A few
form symbiotic associations with higher plants in which
the prokaryote directly provides the host plant with fixed
nitrogen in exchange for other nutrients and carbohydrates
(top portion of Table 12.2). Such symbioses occur in nod-
ules that form on the roots of the plant and contain the
nitrogen-fixing bacteria.

The most common type of symbiosis occurs between
members of the plant family Leguminosae and soil bacte-
ria of the genera Azorhizobium, Bradyrhizobium, Photorhizo-
bium, Rhizobium, and Sinorhizobium (collectively called rhi-
zobia; Table 12.3 and Figure 12.8). Another common type
of symbiosis occurs between several woody plant species,
such as alder trees, and soil bacteria of the genus Frankia.
Still other types involve the South American herb Gunnera
and the tiny water fern Azolla, which form associations
with the cyanobacteria Nostoc and Anabaena, respectively
(see Table 12.2 and Figure 12.9).

Nitrogen Fixation Requires Anaerobic Conditions
Because oxygen irreversibly inactivates the nitrogenase
enzymes involved in nitrogen fixation, nitrogen must be
fixed under anaerobic conditions. Thus each of the nitro-
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gen-fixing organisms listed in Table 12.2 either functions
under natural anaerobic conditions or can create an inter-
nal anaerobic environment in the presence of oxygen.

In cyanobacteria, anaerobic conditions are created in spe-
cialized cells called heterocysts (see Figure 12.9). Heterocysts
are thick-walled cells that differentiate when filamentous
cyanobacteria are deprived of NH4

+. These cells lack photo-
system II, the oxygen-producing photosystem of chloro-
plasts (see Chapter 7), so they do not generate oxygen (Bur-
ris 1976). Heterocysts appear to represent an adaptation for

nitrogen fixation, in that they are widespread among aero-
bic cyanobacteria that fix nitrogen.

Cyanobacteria that lack heterocysts can fix nitrogen only
under anaerobic conditions such as those that occur in
flooded fields. In Asian countries, nitrogen-fixing cyano-
bacteria of both the heterocyst and nonheterocyst types are
a major means for maintaining an adequate nitrogen sup-
ply in the soil of rice fields. These microorganisms fix nitro-
gen when the fields are flooded and die as the fields dry,
releasing the fixed nitrogen to the soil. Another important

TABLE 12.2
Examples of organisms that can carry out nitrogen fixation

Symbiotic nitrogen fixation

Host plant N-fixing symbionts

Leguminous: legumes, Parasponia Azorhizobium, Bradyrhizobium, Photorhizobium, `
Rhizobium, Sinorhizobium

Actinorhizal: alder (tree), Ceanothus (shrub), Frankia
Casuarina (tree), Datisca (shrub)

Gunnera Nostoc

Azolla (water fern) Anabaena

Sugarcane Acetobacter

Free-living nitrogen fixation

Type N-fixing genera

Cyanobacteria (blue-green algae) Anabaena, Calothrix, Nostoc

Other bacteria

Aerobic Azospirillum, Azotobacter, Beijerinckia, Derxia

Facultative Bacillus, Klebsiella

Anaerobic

Nonphotosynthetic Clostridium, Methanococcus (archaebacterium)

Photosynthetic Chromatium, Rhodospirillum

TABLE 12.3
Associations between host plants and rhizobia

Plant host Rhizobial symbiont

Parasponia (a nonlegume, formerly called Trema) Bradyrhizobium spp.

Soybean (Glycine max) Bradyrhizobium japonicum (slow-growing type);
Sinorhizobium fredii (fast-growing type)

Alfalfa (Medicago sativa) Sinorhizobium meliloti

Sesbania (aquatic) Azorhizobium (forms both root and stem nodules;
the stems have adventitious roots)

Bean (Phaseolus) Rhizobium leguminosarum bv. phaseoli;
Rhizobium tropicii; Rhizobium etli

Clover (Trifolium) Rhizobium leguminosarum bv. trifolii

Pea (Pisum sativum) Rhizobium leguminosarum bv. viciae

Aeschenomene (aquatic) Photorhizobium (photosynthetically active
rhizobia that form stem nodules, probably
associated with adventitious roots)
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source of available nitrogen in flooded rice fields is the
water fern Azolla, which associates with the cyanobac-
terium Anabaena. The Azolla–Anabaena association can fix
as much as 0.5 kg of atmospheric nitrogen per hectare per

day, a rate of fertilization that is sufficient to attain moder-
ate rice yields.

Free-living bacteria that are capable of fixing nitrogen are
aerobic, facultative, or anaerobic (see Table 12.2, bottom):

• Aerobic nitrogen-fixing bacteria such as Azotobacter are
thought to maintain reduced oxygen conditions
(microaerobic conditions) through their high levels of
respiration (Burris 1976). Others, such as Gloeothece,
evolve O2 photosynthetically during the day and fix
nitrogen during the night.

• Facultative organisms, which are able to grow under
both aerobic and anaerobic conditions, generally fix
nitrogen only under anaerobic conditions.

• For anaerobic nitrogen-fixing bacteria, oxygen does
not pose a problem, because it is absent in their habi-
tat. These anaerobic organisms can be either photo-
synthetic (e.g., Rhodospirillum), or nonphotosynthetic
(e.g., Clostridium).

Symbiotic Nitrogen Fixation Occurs in 
Specialized Structures

Symbiotic nitrogen-fixing prokaryotes dwell within nod-
ules, the special organs of the plant host that enclose the
nitrogen-fixing bacteria (see Figure 12.8). In the case of
Gunnera, these organs are existing stem glands that develop
independently of the symbiont. In the case of legumes and
actinorhizal plants, the nitrogen-fixing bacteria induce the
plant to form root nodules.

Grasses can also develop symbiotic relationships with
nitrogen-fixing organisms, but in these associations root
nodules are not produced. Instead, the nitrogen-fixing bac-
teria seem to colonize plant tissues or anchor to the root
surfaces, mainly around the elongation zone and the root
hairs (Reis et al. 2000). For example, the nitrogen-fixing

FIGURE 12.8 Root nodules on soybean. The nodules are a
result of infection by Rhizobium japonicum. (© Wally
Eberhart/Visuals Unlimited.)

Vegetative 
cells

Heterocyst

FIGURE 12.9 A heterocyst in a fila-
ment of the nitrogen-fixing cyanobac-
terium Anabaena. The thick-walled
heterocysts, interspaced among vege-
tative cells, have an anaerobic inner
environment that allows cyano-
bacteria to fix nitrogen in aerobic 
conditions. (© Paul W. Johnson/
Biological Photo Service.)
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bacterium Acetobacter diazotrophicus lives in the apoplast of
stem tissues in sugarcane and may provide its host with
sufficient nitrogen to grant independence from nitrogen
fertilization (Dong et al. 1994). The potential for applying
Azospirillum to corn and other grains has been explored,
but Azospirillum seems to fix little nitrogen when associated
with plants (Vande Broek and Vanderleyden 1995).

Legumes and actinorhizal plants regulate gas perme-
ability in their nodules, maintaining a level of oxygen
within the nodule that can support respiration but is suffi-
ciently low to avoid inactivation of the nitrogenase (Kuzma
et al. 1993). Gas permeability increases in the light and
decreases under drought or upon exposure to nitrate. The
mechanism for regulating gas permeability is not yet
known.

Nodules contain an oxygen-binding heme protein called
leghemoglobin. Leghemoglobin is present in the cyto-
plasm of infected nodule cells at high concentrations (700
µM in soybean nodules) and gives the nodules a pink color.
The host plant produces the globin portion of leghemo-
globin in response to infection by the bacteria (Marschner
1995); the bacterial symbiont produces the heme portion.
Leghemoglobin has a high affinity for oxygen (a Km of
about 0.01 µM), about ten times higher than the β chain of
human hemoglobin.

Although leghemoglobin was once thought to provide
a buffer for nodule oxygen, recent studies indicate that it
stores only enough oxygen to support nodule respiration
for a few seconds (Denison and Harter 1995). Its function
is to help transport oxygen to the respiring symbiotic bac-
terial cells in a manner analogous to hemoglobin trans-
porting oxygen to respiring tissues in animals (Ludwig and
de Vries 1986).

Establishing Symbiosis Requires an 
Exchange of Signals
The symbiosis between legumes and rhizobia is not oblig-
atory. Legume seedlings germinate without any association
with rhizobia, and they may remain unassociated through-
out their life cycle. Rhizobia also occur as free-living organ-
isms in the soil. Under nitrogen-limited conditions, how-
ever, the symbionts seek out one another through an
elaborate exchange of signals. This signaling, the subse-
quent infection process, and the development of nitrogen-
fixing nodules involve specific genes in both the host and
the symbionts.

Plant genes specific to nodules are called nodulin (Nod)
genes; rhizobial genes that participate in nodule formation
are called nodulation (nod) genes (Heidstra and Bisseling
1996). The nod genes are classified as common nod genes
or host-specific nod genes. The common nod genes—nodA,
nodB, and nodC—are found in all rhizobial strains; the
host-specific nod genes—such as nodP, nodQ, and nodH; or
nodF, nodE, and nodL—differ among rhizobial species and
determine the host range. Only one of the nod genes, the

regulatory nodD, is constitutively expressed, and as we
will explain in detail, its protein product (NodD) regulates
the transcription of the other nod genes.

The first stage in the formation of the symbiotic rela-
tionship between the nitrogen-fixing bacteria and their host
is migration of the bacteria toward the roots of the host
plant. This migration is a chemotactic response mediated
by chemical attractants, especially (iso)flavonoids and
betaines, secreted by the roots. These attractants activate
the rhizobial NodD protein, which then induces transcrip-
tion of the other nod genes (Phillips and Kapulnik 1995).
The promoter region of all nod operons, except that of
nodD, contains a highly conserved sequence called the nod
box. Binding of the activated NodD to the nod box induces
transcription of the other nod genes.

Nod Factors Produced by Bacteria Act as Signals
for Symbiosis
The nod genes activated by NodD code for nodulation pro-
teins, most of which are involved in the biosynthesis of
Nod factors. Nod factors are lipochitin oligosaccharide sig-
nal molecules, all of which have a chitin β-1→4-linked N-
acetyl-D-glucosamine backbone (varying in length from
three to six sugar units) and a fatty acyl chain on the C-2
position of the nonreducing sugar (Figure 12.10).

Three of the nod genes (nodA, nodB, and nodC) encode
enzymes (NodA, NodB, and NodC, respectively) that are
required for synthesizing this basic structure (Stokkermans
et al. 1995):

1. NodA is an N-acyltransferase that catalyzes the addi-
tion of a fatty acyl chain.

2. NodB is a chitin-oligosaccharide deacetylase that
removes the acetyl group from the terminal nonre-
ducing sugar.
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FIGURE 12.10 Nod factors are lipochitin oligosaccharides.
The fatty acid chain typically has 16 to 18 carbons. The
number of repeated middle sections (n) is usually 2 to 3.
(After Stokkermans et al. 1995.)

Assimilation of Mineral Nutrients 269



3. NodC is a chitin-oligosaccharide synthase that links
N-acetyl-D-glucosamine monomers.

Host-specific nod genes that vary among rhizobial species
are involved in the modification of the fatty acyl chain or
the addition of groups important in determining host
specificity (Carlson et al. 1995):

• NodE and NodF determine the length and degree of
saturation of the fatty acyl chain; those of Rhizobium
leguminosarum bv. viciae and R. meliloti result in the
synthesis of an 18:4 and a 16:2 fatty acyl group,
respectively. (Recall from Chapter 11 that the number
before the colon gives the total number of carbons in
the fatty acyl chain, and the number after the colon
gives the number of double bonds.)

• Other enzymes, such as NodL, influence the host
specificity of Nod factors through the addition of
specific substitutions at the reducing or nonreducing
sugar moieties of the chitin backbone.

A particular legume host responds to a specific Nod fac-
tor. The legume receptors for Nod factors appear to be spe-
cial lectins (sugar-binding proteins) produced in the root
hairs (van Rhijn et al. 1998; Etzler et al. 1999). Nod factors
activate these lectins, increasing their hydrolysis of phos-
phoanhydride bonds of nucleoside di- and triphosphates.
This lectin activation directs particular rhizobia to appro-
priate hosts and facilitates attachment of the rhizobia to the
cell walls of a root hair.

Nodule Formation Involves Several
Phytohormones
Two processes—infection and nodule organogenesis—
occur simultaneously during root nodule formation. Dur-
ing the infection process, rhizobia that are attached to the
root hairs release Nod factors that induce a pronounced
curling of the root hair cells (Figure 12.11A and B). The rhi-
zobia become enclosed in the small compartment formed
by the curling. The cell wall of the root hair degrades in
these regions, also in response to Nod factors, allowing the
bacterial cells direct access to the outer surface of the plant
plasma membrane (Lazarowitz and Bisseling 1997).

The next step is formation of the infection thread (Fig-
ure 12.11C), an internal tubular extension of the plasma
membrane that is produced by the fusion of Golgi-derived
membrane vesicles at the site of infection. The thread grows
at its tip by the fusion of secretory vesicles to the end of the
tube. Deeper into the root cortex, near the xylem, cortical
cells dedifferentiate and start dividing, forming a distinct
area within the cortex, called a nodule primordium, from
which the nodule will develop. The nodule primordia form
opposite the protoxylem poles of the root vascular bundle
(Timmers et al. 1999) (See Web Topic 12.1).

Different signaling compounds, acting either positively
or negatively, control the position of nodule primordia. The
nucleoside uridine diffuses from the stele into the cortex in

the protoxylem zones of the root and stimulates cell division
(Lazarowitz and Bisseling 1997). Ethylene is synthesized in
the region of the pericycle, diffuses into the cortex, and
blocks cell division opposite the phloem poles of the root.

The infection thread filled with proliferating rhizobia
elongates through the root hair and cortical cell layers, in
the direction of the nodule primordium. When the infection
thread reaches specialized cells within the nodule, its tip
fuses with the plasma membrane of the host cell, releasing
bacterial cells that are packaged in a membrane derived
from the host cell plasma membrane (see Figure 12.11D).
Branching of the infection thread inside the nodule enables
the bacteria to infect many cells (see Figure 12.11E and F)
(Mylona et al. 1995).

At first the bacteria continue to divide, and the sur-
rounding membrane increases in surface area to accom-
modate this growth by fusing with smaller vesicles. Soon
thereafter, upon an undetermined signal from the plant, the
bacteria stop dividing and begin to enlarge and to differ-
entiate into nitrogen-fixing endosymbiotic organelles called
bacteroids. The membrane surrounding the bacteroids is
called the peribacteroid membrane.

The nodule as a whole develops such features as a vas-
cular system (which facilitates the exchange of fixed nitro-
gen produced by the bacteroids for nutrients contributed
by the plant) and a layer of cells to exclude O2 from the root
nodule interior. In some temperate legumes (e.g., peas), the
nodules are elongated and cylindrical because of the pres-
ence of a nodule meristem. The nodules of tropical legumes,
such as soybeans and peanuts, lack a persistent meristem
and are spherical (Rolfe and Gresshoff 1988).

The Nitrogenase Enzyme Complex Fixes N2
Biological nitrogen fixation, like industrial nitrogen fixa-
tion, produces ammonia from molecular nitrogen. The
overall reaction is

N2 + 8 e– + 8 H+ + 16 ATP →
2 NH3 + H2 + 16 ADP + 16 Pi (12.9)

FIGURE 12.11 The infection process during nodule organo-
genesis. (A) Rhizobia bind to an emerging root hair in
response to chemical attractants sent by the plant. (B) In
response to factors produced by the bacteria, the root hair
exhibits abnormal curling growth, and rhizobia cells prolif-
erate within the coils. (C) Localized degradation of the root
hair wall leads to infection and formation of the infection
thread from Golgi secretory vesicles of root cells. (D) The
infection thread reaches the end of the cell, and its mem-
brane fuses with the plasma membrane of the root hair cell.
(E) Rhizobia are released into the apoplast and penetrate
the compound middle lamella to the subepidermal cell
plasma membrane, leading to the initiation of a new infec-
tion thread, which forms an open channel with the first. (F)
The infection thread extends and branches until it reaches
target cells, where vesicles composed of plant membrane
that enclose bacterial cells are released into the cytosol.

▲
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Note that the reduction of N2 to 2 NH3, a six-electron
transfer, is coupled to the reduction of two protons to
evolve H2. The nitrogenase enzyme complex catalyzes
this reaction.

The nitrogenase enzyme complex can be separated into
two components—the Fe protein and the MoFe protein—
neither of which has catalytic activity by itself (Figure 12.12):

• The Fe protein is the smaller of the two components
and has two identical subunits of 30 to 72 kDa each,
depending on the organism. Each subunit contains an
iron–sulfur cluster (4 Fe and 4 S2– ) that participates in
the redox reactions involved in the conversion of N2
to NH3. The Fe protein is irreversibly inactivated by
O2 with typical half-decay times of 30 to 45 seconds
(Dixon and Wheeler 1986).

• The MoFe protein has four subunits, with a total mol-
ecular mass of 180 to 235 kDa, depending on the
species. Each subunit has two Mo–Fe–S clusters. The
MoFe protein is also inactivated by oxygen, with a
half-decay time in air of 10 minutes.

In the overall nitrogen reduction reaction (see Figure
12.12), ferredoxin serves as an electron donor to the Fe pro-
tein, which in turn hydrolyzes ATP and reduces the MoFe
protein. The MoFe protein then can reduce numerous sub-
strates (Table 12.4), although under natural conditions it
reacts only with N2 and H+. One of the reactions catalyzed
by nitrogenase, the reduction of acetylene to ethylene, is
used in estimating nitrogenase activity (see Web Topic 12.2).

The energetics of nitrogen fixation is complex. The pro-
duction of NH3 from N2 and H2 is an exergonic reaction
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(see Chapter 2 on the website for a discussion of exergonic
reactions), with a ∆G0′ (change in free energy) of –27 kJ
mol–1. However, industrial production of NH3 from N2 and
H2 is endergonic, requiring a very large energy input
because of the activation energy needed to break the triple
bond in N2. For the same reason, the enzymatic reduction
of N2 by nitrogenase also requires a large investment of
energy (see Equation 12.9), although the exact changes in
free energy are not yet known.

Calculations based on the carbohydrate metabolism of
legumes show that a plant consumes 12 g of organic car-
bon per gram of N2 fixed (Heytler et al. 1984). On the basis
of Equation 12.9, the ∆G0′ for the overall reaction of bio-
logical nitrogen fixation is about –200 kJ mol–1. Because the
overall reaction is highly exergonic, ammonium produc-
tion is limited by the slow operation (number of N2 mole-
cules reduced per unit time) of the nitrogenase complex
(Ludwig and de Vries 1986).

Under natural conditions, substantial amounts of H+ are
reduced to H2 gas, and this process can compete with N2
reduction for electrons from nitrogenase. In rhizobia, 30 to
60% of the energy supplied to nitrogenase may be lost as
H2, diminishing the efficiency of nitrogen fixation. Some
rhizobia, however, contain hydrogenase, an enzyme that
can split the H2 formed and generate electrons for N2

reduction, thus improving the efficiency of nitrogen fixa-
tion (Marschner 1995).

Amides and Ureides Are the Transported 
Forms of Nitrogen
The symbiotic nitrogen-fixing prokaryotes release ammo-
nia that, to avoid toxicity, must be rapidly converted into
organic forms in the root nodules before being transported
to the shoot via the xylem. Nitrogen-fixing legumes can be
divided into amide exporters or ureide exporters on the
basis of the composition of the xylem sap. Amides (princi-
pally the amino acids asparagine or glutamine) are exported
by temperate-region legumes, such as pea (Pisum), clover
(Trifolium), broad bean (Vicia), and lentil (Lens).

Ureides are exported by legumes of tropical origin, such
as soybean (Glycine), kidney bean (Phaseolus), peanut
(Arachis), and southern pea (Vigna). The three major urei-
des are allantoin, allantoic acid, and citrulline (Figure
12.13). Allantoin is synthesized in peroxisomes from uric
acid, and allantoic acid is synthesized from allantoin in the
endoplasmic reticulum. The site of citrulline synthesis from
the amino acid ornithine has not yet been determined. All
three compounds are ultimately released into the xylem
and transported to the shoot, where they are rapidly catab-
olized to ammonium. This ammonium enters the assimi-
lation pathway described earlier.

SULFUR ASSIMILATION
Sulfur is among the most versatile elements in living organ-
isms (Hell 1997). Disulfide bridges in proteins play struc-
tural and regulatory roles (see Chapter 8). Sulfur partici-
pates in electron transport through iron–sulfur clusters (see
Chapters 7 and 11). The catalytic sites for several enzymes
and coenzymes, such as urease and coenzyme A, contain
sulfur. Secondary metabolites (compounds that are not
involved in primary pathways of growth and develop-

Ferredoxinox
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MoFeredFeox

MoFeox

MoFeox
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2 NH3, H2
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N2, 8 H+

Nitrogenase enzyme complex

Fe protein MoFe protein

16 ATP 16 ADP
+
Pi16

FIGURE 12.12 The reaction cat-
alyzed by nitrogenase. Ferredoxin
reduces the Fe protein. Binding
and hydrolysis of ATP to the Fe
protein is thought to cause a con-
formational change of the Fe pro-
tein that facilitates the redox reac-
tions. The Fe protein reduces the
MoFe protein, and the MoFe pro-
tein reduces the N2. (After Dixon
and Wheeler 1986, and Buchanan
et al. 2000.)

TABLE 12.4
Reactions catalyzed by nitrogenase

N2 → NH3 Molecular nitrogen fixation

N2O → N2 + H2O Nitrous oxide reduction

N3
- →N2 + NH3 Azide reduction

C2H2 → C2H4 Acetylene reduction

2 H+ → H2 H2 production

ATP → ADP + Pi ATP hydrolytic activity

Source: After Burris 1976.
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ment) that contain sulfur range from the rhizobial Nod fac-
tors discussed in the previous section to antiseptic alliin in
garlic and anticarcinogen sulforaphane in broccoli.

The versatility of sulfur derives in part from the prop-
erty that it shares with nitrogen: multiple stable oxidation
states. In this section we discuss the enzymatic steps that
mediate sulfur assimilation, and the biochemical reactions
that catalyze the reduction of sulfate into the two sulfur-
containing amino acids, cysteine and methionine.

Sulfate Is the Absorbed Form of Sulfur in Plants
Most of the sulfur in higher-plant cells derives from sulfate
(SO4

2–) absorbed via an H+–SO4
2– symporter (see Chapter

6) from the soil solution. Sulfate in the soil comes predom-
inantly from the weathering of parent rock material. Indus-
trialization, however, adds an additional source of sulfate:
atmospheric pollution. The burning of fossil fuels releases
several gaseous forms of sulfur, including sulfur dioxide
(SO2) and hydrogen sulfide (H2S), which find their way to
the soil in rain.

When dissolved in water, SO2 is hydrolyzed to become
sulfuric acid (H2SO4), a strong acid, which is the major
source of acid rain. Plants can also metabolize sulfur diox-
ide taken up in the gaseous form through their stomata.
Nonetheless, prolonged exposure (more than 8 hours) to
high atmospheric concentrations (greater than 0.3 ppm) of
SO2 causes extensive tissue damage because of the forma-
tion of sulfuric acid.

Sulfate Assimilation Requires the Reduction of
Sulfate to Cysteine
The first step in the synthesis of sulfur-containing organic
compounds is the reduction of sulfate to the amino acid
cysteine (Figure 12.14). Sulfate is very stable and thus needs
to be activated before any subsequent reactions may pro-
ceed. Activation begins with the reaction between sulfate
and ATP to form 5′-adenylylsulfate (which is sometimes
referred to as adenosine-5′-phosphosulfate and thus is
abbreviated APS) and pyrophosphate (PPi) (see Figure
12.14):

SO4
2– + Mg-ATP → APS + PPi (12.10)

The enzyme that catalyzes this reaction, ATP sulfury-
lase, has two forms: The major one is found in plastids, and
a minor one is found in the cytoplasm (Leustek et al. 2000).
The activation reaction is energetically unfavorable. To
drive this reaction forward, the products APS and PPi must
be converted immediately to other compounds. PPi is
hydrolyzed to inorganic phosphate (Pi) by inorganic
pyrophosphatase according to the following reaction:

PPi + H2O → 2 Pi (12.11)

The other product, APS, is rapidly reduced or sulfated.
Reduction is the dominant pathway (Leustek et al. 2000).

The reduction of APS is a multistep process that occurs
exclusively in the plastids. First, APS reductase transfers
two electrons apparently from reduced glutathione (GSH)
to produce sulfite (SO3

2–):

APS + 2 GSH → SO3
2– + 2 H+ + GSSG + AMP (12.12)

where GSSG stands for oxidized glutathione. (The SH in
GSH and the SS in GSSG stand for S—H and S—S bonds,
respectively.)

Second, sulfite reductase transfers six electrons from
ferredoxin (Fdred) to produce sulfide (S2–):

SO3
2– + 6 Fdred → S2– + 6 Fdox (12.13)

The resultant sulfide then reacts with O-acetylserine (OAS)
to form cysteine and acetate. The O-acetylserine that reacts
with S2– is formed in a reaction catalyzed by serine acetyl-
transferase:

Serine + acetyl-CoA → OAS + CoA (12.14)

The reaction that produces cysteine and acetate is catalyzed
by OAS thiol-lyase:

OAS + S2– → cysteine + acetate (12.15)

The sulfation of APS, localized in the cytosol, is the alter-
native pathway. First, APS kinase catalyzes a reaction of
APS with ATP to form 3′-phosphoadenosine-5′-phospho-
sulfate (PAPS).

APS + ATP → PAPS + ADP (12.16)
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FIGURE 12.13 The major ureide compounds used to trans-
port nitrogen from sites of fixation to sites where their
deamination will provide nitrogen for amino acid and
nucleoside synthesis.
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Sulfotransferases then may transfer the sulfate group from
PAPS to various compounds, including choline, brassinos-
teroids, flavonol, gallic acid glucoside, glucosinolates, pep-
tides, and polysaccharides (Leustek and Saito 1999).

Sulfate Assimilation Occurs Mostly in Leaves
The reduction of sulfate to cysteine changes the oxidation
number of sulfur from +6 to –4, thus entailing the transfer
of 10 electrons. Glutathione, ferredoxin, NAD(P)H, or O-
acetylserine may serve as electron donors at various steps
of the pathway (see Figure 12.14).

Leaves are generally much more active than roots in sul-
fur assimilation, presumably because photosynthesis pro-
vides reduced ferredoxin and photorespiration generates
serine that may stimulate the production of O-acetylserine
(see Chapter 8). Sulfur assimilated in leaves is exported via
the phloem to sites of protein synthesis (shoot and root
apices, and fruits) mainly as glutathione (Bergmann and
Rennenberg 1993):

Glutathione also acts as a signal that coordinates the
absorption of sulfate by the roots and the assimilation of
sulfate by the shoot.
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Methionine Is Synthesized from Cysteine
Methionine, the other sulfur-containing amino acid found
in proteins, is synthesized in plastids from cysteine (see
Web Topic 12.3 for further detail). After cysteine and
methionine are synthesized, sulfur can be incorporated into
proteins and a variety of other compounds, such as acetyl-
CoA and S-adenosylmethionine. The latter compound is
important in the synthesis of ethylene (see Chapter 22) and
in reactions involving the transfer of methyl groups, as in
lignin synthesis (see Chapter 13).

PHOSPHATE ASSIMILATION
Phosphate (HPO4

2–) in the soil solution is readily absorbed
by plant roots via an H+–HPO4

2– symporter (see Chapter 6)
and incorporated into a variety of organic compounds,
including sugar phosphates, phospholipids, and nucleotides.
The main entry point of phosphate into assimilatory path-
ways occurs during the formation of ATP, the energy “cur-
rency” of the cell. In the overall reaction for this process, inor-
ganic phosphate is added to the second phosphate group in
adenosine diphosphate to form a phosphate ester bond.

In mitochondria, the energy for ATP synthesis derives
from the oxidation of NADH by oxidative phosphorylation
(see Chapter 11). ATP synthesis is also driven by light-depen-
dent photophosphorylation in the chloroplasts (see Chapter
7). In addition to these reactions in mitochondria and chloro-
plasts, reactions in the cytosol also assimilate phosphate.

Glycolysis incorporates inorganic phosphate into 1,3-bis-
phosphoglyceric acid, forming a high-energy acyl phosphate
group. This phosphate can be donated to ADP to form ATP
in a substrate-level phosphorylation reaction (see Chapter
11). Once incorporated into ATP, the phosphate group may
be transferred via many different reactions to form the var-
ious phosphorylated compounds found in higher-plant cells.

CATION ASSIMILATION
Cations taken up by plant cells form complexes with
organic compounds in which the cation becomes bound to
the complex by noncovalent bonds (for a discussion of non-
covalent bonds, see Chapter 2 on the web site). Plants
assimilate macronutrient cations such as potassium, mag-
nesium, and calcium, as well as micronutrient cations such
as copper, iron, manganese, cobalt, sodium, and zinc, in
this manner. In this section we will describe coordination
bonds and electrostatic bonds, which mediate the assimi-
lation of several cations that plants require as nutrients, and
the special requirements for the absorption of iron by roots
and subsequent assimilation of iron within plants.

Cations Form Noncovalent Bonds with Carbon
Compounds
The noncovalent bonds formed between cations and car-
bon compounds are of two types: coordination bonds and

electrostatic bonds. In the formation of a coordination com-
plex, several oxygen or nitrogen atoms of a carbon com-
pound donate unshared electrons to form a bond with the
cation nutrient. As a result, the positive charge on the
cation is neutralized.

Coordination bonds typically form between polyvalent
cations and carbon molecules—for example, complexes
between copper and tartaric acid (Figure 12.15A) or mag-
nesium and chlorophyll a (Figure 12.15B). The nutrients
that are assimilated as coordination complexes include cop-
per, zinc, iron, and magnesium. Calcium can also form
coordination complexes with the polygalacturonic acid of
cell walls (Figure 12.15C).

Electrostatic bonds form because of the attraction of a pos-
itively charged cation for a negatively charged group such
as carboxylate (—COO–) on a carbon compound. Unlike the
situation in coordination bonds, the cation in an electrosta-
tic bond retains its positive charge. Monovalent cations such
as potassium (K+) can form electrostatic bonds with the car-
boxylic groups of many organic acids (Figure 12.16A).
Nonetheless, much of the potassium that is accumulated by
plant cells and functions in osmotic regulation and enzyme
activation remains in the cytosol and the vacuole as the free
ion. Divalent ions such as calcium form electrostatic bonds
with pectates (Figure 12.16B) and the carboxylic groups of
polygalacturonic acid (see Chapter 15).

In general, cations such as magnesium (Mg2+) and cal-
cium (Ca2+) are assimilated by the formation of both coor-
dination complexes and electrostatic bonds with amino
acids, phospholipids, and other negatively charged mole-
cules.

Roots Modify the Rhizosphere to Acquire Iron
Iron is important in iron–sulfur proteins (see Chapter 7)
and as a catalyst in enzyme-mediated redox reactions (see
Chapter 5), such as those of nitrogen metabolism discussed
earlier. Plants obtain iron from the soil, where it is present
primarily as ferric iron (Fe3+) in oxides such as Fe(OH)2+,
Fe(OH)3, and Fe(OH)4

–. At neutral pH, ferric iron is highly
insoluble. To absorb sufficient amounts of iron from the soil
solution, roots have developed several mechanisms that
increase iron solubility and thus its availability. These
mechanisms include:

• Soil acidification that increases the solubility of ferric
iron.

• Reduction of ferric iron to the more soluble ferrous
form (Fe2+).

• Release of compounds that form stable, soluble com-
plexes with iron (Marschner 1995). Recall from
Chapter 5 that such compounds are called iron chela-
tors (see Figure 5.2).

Roots generally acidify the soil around them. They
extrude protons during the absorption and assimilation of
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cations, particularly ammonium, and release organic acids
such as malic acid and citric acid that enhance iron and
phosphate availability (see Figure 5.4). Iron deficiencies
stimulate the extrusion of protons by roots. In addition,
plasma membranes in roots contain an enzyme, called iron-
chelating reductase, that reduces ferric iron to the ferrous

form, with NADH or NADPH serving as the electron
donor. The activity of this enzyme increases under iron
deprivation.

Several compounds secreted by roots form stable
chelates with iron. Examples include malic acid, citric acid,
phenolics, and piscidic acid. Grasses produce a special class
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FIGURE 12.15 Examples of coordination complexes.
Coordination complexes form when oxygen or nitrogen
atoms of a carbon compound donate unshared electron
pairs (represented by dots) to form a bond with a cation.
(A) Copper ions share electrons with the hydroxyl oxygens
of tartaric acid. (B) Magnesium ions share electrons with
nitrogen atoms in chlorophyll a. Dashed lines represent a

coordination bond between unshared electrons from the
nitrogen atoms and the magnesium cation. (C) The “egg
box” model of the interaction of polygalacturonic acid, a
major constituent of pectins in cell walls, and calcium ions.
At right is an enlargement of a single calcium ion forming a
coordination complex with the hydroxyl oxygens of the
galacturonic acid residues. (After Rees 1977.)
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of iron chelators called phytosiderophores. Phytosiderophores
are made of amino acids that are not found in proteins, such
as mugineic acid, and form highly stable complexes with
Fe3+. Root cells of grasses have Fe3+–phytosiderophore
transport systems in their plasma membrane that bring the
chelate into the cytoplasm. Under iron deficiency, grass
roots release more phytosiderophores into the soil and
increase the capacity of their Fe3+–phytosiderophore trans-
port system.

Iron Forms Complexes with Carbon 
and Phosphate
Once the roots absorb iron or an iron chelate, they oxidize
it to a ferric form and translocate much of it to the leaves as
an electrostatic complex with citrate.

Most of the iron in the plant is found in the heme mole-
cule of cytochromes within the chloroplasts and mito-
chondria (see Chapter 7). An important assimilatory reac-
tion for iron is its insertion into the porphyrin precursor 
of heme. This reaction is catalyzed by the enzyme 
ferrochelatase (Figure 12.17) (Jones 1983). In addition,
iron–sulfur proteins of the electron transport chain (see
Chapter 7) contain nonheme Fe covalently bound to the
sulfur atoms of cysteine residues in the apoprotein. Iron is
also found in Fe2S2 centers, which contain two irons (each
complexed with the sulfur atoms of cysteine residues) and
two inorganic sulfides.

Free iron (iron that is not complexed with carbon com-
pounds) may interact with oxygen to form superoxide
anions (O2

–), which can damage membranes by degrading
unsaturated lipid components. Plant cells may limit such
damage by storing surplus iron in an iron–protein complex
called phytoferritin (Bienfait and Van der Mark 1983).
Phytoferritin consists of a protein shell with 24 identical
subunits forming a hollow sphere that has a molecular mass
of about 480 kDa. Within this sphere is a core of 5400 to 6200
iron atoms present as a ferric oxide–phosphate complex.

How iron is released from phytoferritin is uncertain, but
breakdown of the protein shell appears to be involved. The

level of free iron in plant cells regulates the de novo biosyn-
thesis of phytoferritin (Lobreaux et al. 1992).

OXYGEN ASSIMILATION
Respiration accounts for the bulk (about 90%) of the oxy-
gen (O2) assimilated by plant cells (see Chapter 11).
Another major pathway for the assimilation of O2 into
organic compounds involves the incorporation of O2 from
water (see reaction 1 in Table 8.1). A small proportion of
oxygen can be directly assimilated into organic compounds
in the process of oxygen fixation.

In oxygen fixation, molecular oxygen is added directly
to an organic compound in reactions carried out by
enzymes known as oxygenases. Recall from Chapter 8 that
oxygen is directly incorporated into an organic compound
during photorespiration in a reaction that involves the oxy-
genase activity of ribulose-1,5-bisphosphate carboxy-
lase/oxygenase (rubisco), the enzyme of CO2 fixation
(Ogren 1984). The first stable product that contains oxygen
originating from molecular oxygen is 2-phosphoglycolate.

In general, oxygenases are classified as dioxygenases or
monooxygenases, according to the number of atoms of
oxygen that are transferred to a carbon compound in the
catalyzed reaction. In dioxygenase reactions, both oxygen
atoms are incorporated into one or two carbon compounds
(Figure 12.18A and B). Examples of dioxygenases in plant
cells are lipoxygenase, which catalyzes the addition of two
atoms of oxygen to unsaturated fatty acids (see Figure
12.18A), and prolyl hydroxylase, the enzyme that converts
proline to the less common amino acid hydroxyproline (see
Figure 12.18B).

Hydroxyproline is an important component of the cell
wall protein extensin (see Chapter 15). The synthesis of
hydroxyproline from proline differs from the synthesis of
all other amino acids in that the reaction occurs after the
proline has been incorporated into protein and is therefore
a posttranslational modification reaction. Prolyl hydroxy-
lase is localized in the endoplasmic reticulum, suggesting

that most proteins containing hydroxypro-
line are found in the secretory pathway.

Monooxygenases add one of the atoms
in molecular oxygen to a carbon com-
pound; the other oxygen atom is converted
into water. Monooxygenases are some-
times referred to as mixed-function oxidases
because of their ability to catalyze simulta-
neously both the oxygenation reaction and
the oxidase reaction (reduction of oxygen
to water). The monooxygenase reaction
also requires a reduced substrate (NADH
or NADPH) as an electron donor, accord-
ing to the following equation:

A + O2 + BH2 → AO + H2O + B

Porphyrin ring

+ Fe2+ Fe

N N

N N

N N

N N

Ferrochelatase

FIGURE 12.17 The ferrochelatase reaction. The enzyme ferrochelatase cat-
alyzes the insertion of iron into the porphyrin ring to form a coordination
complex. See Figure 7.37 for illustration of the biosynthesis of the porphyrin
ring. 
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where A represents an organic compound and B represents
the electron donor.

An important monooxygenase in plants is the family of
heme proteins collectively called cytochrome P450, which
catalyzes the hydroxylation of cinnamic acid to p-coumaric
acid (Figure 12.18C). In monooxygenases, the oxygen is
first activated by being combined with the iron atom of the
heme group; NADPH serves as the electron donor. The
mixed-function oxidase system is localized on the endo-
plasmic reticulum and is capable of oxidizing a variety of
substrates, including mono- and diterpenes and fatty acids.

THE ENERGETICS OF NUTRIENT
ASSIMILATION
Nutrient assimilation generally requires large amounts of
energy to convert stable, low-energy inorganic compounds
into high-energy organic compounds. For example, the
reduction of nitrate to nitrite and then to ammonium
requires the transfer of about ten electrons and accounts for
about 25% of the total energy expenditures in both roots and
shoots (Bloom 1997). Consequently, a plant may use one-

fourth of its energy to assimilate nitrogen, a constituent that
accounts for less than 2% of the total dry weight of the plant.

Many of these assimilatory reactions occur in the stroma
of the chloroplast, where they have ready access to power-
ful reducing agents such as NADPH, thioredoxin, and
ferredoxin generated during photosynthetic electron trans-
port. This process—coupling nutrient assimilation to pho-
tosynthetic electron transport—is called photoassimilation
(Figure 12.19).

Photoassimilation and the Calvin cycle occur in the
same compartment but only when photosynthetic electron
transport generates reductant in excess of the needs of the
Calvin cycle (e.g., under conditions of high light and low
CO2), does photoassimilation proceed (Robinson 1988).
High levels of CO2 inhibit photoassimilation (Figure 12.20
see Web Essay 12.1). As a result, C4 plants (see Chapter 8)
conduct the majority of their photoassimilation in meso-
phyll cells, where the CO2 concentrations are lower
(Becker et al. 1993).

The mechanisms that regulate the partitioning of reduc-
tant between the Calvin cycle and photoassimilation war-
rant investigation because atmospheric levels of CO2 are
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FIGURE 12.18 Examples of the two types of oxygenase reactions in cells of higher plants.
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expected to double during the next century (see Chapter 9),
so this phenomenon may affect plant–nutrient relations.

SUMMARY
Nutrient assimilation is the process by which nutrients
acquired by plants are incorporated into the carbon con-
stituents necessary for growth and development. These
processes often involve chemical reactions that are highly
energy intensive and thus may depend directly on reduc-
tant generated through photosynthesis.

For nitrogen, assimilation is but one in a series of steps
that constitute the nitrogen cycle. The nitrogen cycle encom-
passes the various states of nitrogen in the biosphere and
their interconversions. The principal sources of nitrogen
available to plants are nitrate (NO3

–) and ammonium (NH4
+).

The nitrate absorbed by roots is assimilated in either
roots or shoots, depending on nitrate availability and plant
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FIGURE 12.19 Summary of the processes involved in the
assimilation of mineral nitrogen in the leaf. Nitrate translo-
cated from the roots through the xylem is absorbed by a
mesophyll cell via one of the nitrate–proton symporters
(NRT) into the cytoplasm. There it is reduced to nitrite via
nitrate reductase (NR). Nitrite is translocated into the
stroma of the chloroplast along with a proton. In the
stroma, nitrite is reduced to ammonium via nitrite reduc-

tase (NiR) and this ammonium is converted into glutamate
via the sequential action of glutamine synthetase (GS) and
glutamate synthase (GOGAT). Once again in the cytoplasm,
the glutamate is transaminated to aspartate via aspartate
aminotransferase (Asp-AT). Finally, asparagine synthetase
(AS) converts aspartate into asparagine. The approximate
amounts of ATP equivalents are given above each reaction.
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FIGURE 12.20 The assimilatory quotient (AQ = CO2 assimi-
lated/O2 evolved) of wheat seedlings as a function of light
level (photosynthetic active radiation). Nitrate photoassimi-
lation is directly related to assimilatory quotient because
transfer of electrons to nitrate and nitrite during photoas-
similation increases O2 evolution from the light-dependent
reactions of photosynthesis, while CO2 assimilation by the
light-independent reactions continues at similar rates.
Therefore, plants that are photoassimilating nitrate exhibit
a lower AQ. In measurements carried out at ambient, 360
µmol mol–1 CO2 concentrations (red trace), the AQ
decreased as a function of incident radiation, indicating
that photoassimilation rates increased. At elevated (700
µmol mol–1 CO2, blue trace) the AQ remains constant at all
light levels used, indicating that the CO2-fixing reactions
are competing for reductant, and inhibit photoassimilation.
(After Bloom et al. 2002.)
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species. In nitrate assimilation, nitrate is reduced to nitrite
(NO2

–) in the cytosol via the enzyme nitrate reductase; then
nitrite is reduced to ammonium in root plastids or chloro-
plasts via the enzyme nitrite reductase.

Ammonium, derived either from root absorption or
generated through nitrate assimilation or photorespiration,
is converted to glutamine and glutamate through the
sequential actions of glutamine synthetase and glutamate
synthase, which are located in the cytosol and root plastids
or chloroplasts.

Once assimilated into glutamine or glutamate, nitrogen
may be transferred to many other organic compounds
through various reactions, including the transamination
reactions. Interconversion between glutamine and
asparagine by asparagine synthetase balances carbon
metabolism and nitrogen metabolism within a plant.

Many plants form a symbiotic relationship with nitro-
gen-fixing bacteria that contain an enzyme complex, nitro-
genase, that can reduce atmospheric nitrogen to ammonia.
Legumes and actinorhizal plants form associations with
rhizobia and Frankia, respectively. These associations result
from a finely tuned interaction between the symbiont and
host plant that involves the recognition of specific signals,
the induction of a specialized developmental program
within the plant, the uptake of the bacteria by the plant,
and the development of nodules, unique organs that house
the bacteria within plant cells. Some nitrogen-fixing
prokaryotic microorganisms do not form symbiotic rela-
tionships with higher plants but benefit plants by enrich-
ing the nitrogen content of the soil.

Like nitrate, sulfate (SO4
2–) must be reduced by assim-

ilation. In sulfate reduction, an activated form of sulfate
called 5′-adenylylsulfate (APS) forms. Sulfide (S2–), the end
product of sulfate reduction, does not accumulate in plant
cells, but is instead rapidly incorporated into the amino
acids cysteine and methionine.

Phosphate (HPO4
2–) is present in a variety of com-

pounds found in plant cells, including sugar phosphates,
lipids, nucleic acids, and free nucleotides. The initial prod-
uct of its assimilation is ATP, which is produced by sub-
strate-level phosphorylations in the cytosol, oxidative
phosphorylation in the mitochondria, and photophospho-
rylation in the chloroplasts.

Whereas the assimilation of nitrogen, sulfur, and phos-
phorus requires the formation of covalent bonds with car-
bon compounds, many macro- and micronutrient cations
(e.g., K+, Mg2+, Ca2+, Cu2+, Fe3+, Mn2+, Co2+, Na+, Zn2+)
simply form complexes. These complexes may be held
together by electrostatic bonds or coordination bonds.

Iron assimilation may involve chelation, oxidation–
reduction reactions, and the formation of complexes. In order
to store large amounts of iron, plant cells synthesize phyto-
ferritin, an iron storage protein. An important function of iron
in plant cells is to act as a redox component in the active site

f enzymes, often as an iron–porphyrin complex. Iron is
inserted into a porphyrin group in the ferrochelatase reaction.

In addition to being utilized in respiration, molecular
oxygen can be assimilated in the process of oxygen fixation,
the direct addition of oxygen to organic compounds. This
process is catalyzed by enzymes known as oxygenases,
which are classified as monooxygenases or dioxygenases.

Nutrient assimilation requires large amounts of energy
to convert stable, low-energy,  inorganic compounds into
high-energy organic compounds. A plant may use one-
fourth of its energy to assimilate nitrogen. Plants use
energy from photosynthesis to assimilate inorganic com-
pounds in a process called photoassimilation.

Web Material

Web Topics
12.1 Development of a root module

Nodule primordia form opposite to the pro-
toxylem poles of the root vascular bundles.

12.2 Measurement of Nitrogen Fixation

Acetylene reduction is used as an indirect 
measurement of nitrogen reduction.

12.3 The Synthesis of Methionine

Methionine is synthesized in plastids from 
cysteine.

Web Essay
12.1 Elevated CO2 and Nitrogen Photoassimilation

In leaves grown under high CO2 concentrations,
CO2 inhibits nitrogen photoassimilation be-
cause it competes for reductant.
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Secondary Metabolites and
Plant Defense13

Chapter

IN NATURAL HABITATS, plants are surrounded by an enormous num-
ber of potential enemies. Nearly all ecosystems contain a wide variety
of bacteria, viruses, fungi, nematodes, mites, insects, mammals, and
other herbivorous animals. By their nature, plants cannot avoid these
herbivores and pathogens simply by moving away; they must protect
themselves in other ways.

The cuticle (a waxy outer layer) and the periderm (secondary pro-
tective tissue), besides retarding water loss, provide barriers to bacterial
and fungal entry. In addition, a group of plant compounds known as
secondary metabolites defend plants against a variety of herbivores and
pathogenic microbes. Secondary compounds may serve other important
functions as well, such as structural support, as in the case of lignin, or
pigments, as in the case of the anthocyanins.

In this chapter we will discuss some of the mechanisms by which
plants protect themselves against both herbivory and pathogenic organ-
isms. We will begin with a discussion of the three classes of compounds
that provide surface protection to the plant: cutin, suberin, and waxes.
Next we will describe the structures and biosynthetic pathways for the
three major classes of secondary metabolites: terpenes, phenolics, and
nitrogen-containing compounds. Finally, we will examine specific plant
responses to pathogen attack, the genetic control of host–pathogen inter-
actions, and cell signaling processes associated with infection.

CUTIN, WAXES, AND SUBERIN
All plant parts exposed to the atmosphere are coated with layers of lipid
material that reduce water loss and help block the entry of pathogenic
fungi and bacteria. The principal types of coatings are cutin, suberin, and
waxes. Cutin is found on most aboveground parts; suberin is present on
underground parts, woody stems, and healed wounds. Waxes are asso-
ciated with both cutin and suberin.



Cutin, Waxes, and Suberin Are Made Up of
Hydrophobic Compounds
Cutin is a macromolecule, a polymer consisting of many
long-chain fatty acids that are attached to each other by
ester linkages, creating a rigid three-dimensional net-
work. Cutin is formed from 16:0 and 18:1 fatty acids1

with hydroxyl or epoxide groups situated either in the
middle of the chain or at the end opposite the carboxylic
acid function (Figure 13.1A).

Cutin is a principal constituent of the cuticle, a mul-
tilayered secreted structure that coats the outer cell walls
of the epidermis on the aerial parts of all herba-
ceous plants (Figure 13.2). The cuticle is com-
posed of a top coating of wax, a thick middle
layer containing cutin embedded in wax (the
cuticle proper), and a lower layer formed of
cutin and wax blended with the cell wall sub-
stances pectin, cellulose, and other carbohydrates (the
cuticular layer). Recent research suggests that, in addi-
tion to cutin, the cuticle may contain a second lipid poly-
mer, made up of long-chain hydrocarbons, that has been
named cutan (Jeffree 1996).

Waxes are not macromolecules, but complex mixtures of
long-chain acyl lipids that are extremely hydrophobic. The
most common components of wax are straight-chain alka-
nes and alcohols of 25 to 35 carbon atoms (see Figure 13.1B).
Long-chain aldehydes, ketones, esters, and free fatty acids
are also found. The waxes of the cuticle are synthesized by

epidermal cells. They leave the epidermal cells as droplets
that pass through pores in the cell wall by an unknown
mechanism. The top coating of cuticle wax often crystallizes
in an intricate pattern of rods, tubes, or plates (Figure 13.3).

Suberin is a polymer whose structure is very poorly
understood. Like cutin, suberin is formed from hydroxy or
epoxy fatty acids joined by ester linkages. However, suberin
differs from cutin in that it has dicarboxylic acids (see Fig-
ure 13.1C), more long-chain components, and a significant
proportion of phenolic compounds as part of its structure.
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(A)  Hydroxy fatty acids that polymerize to make cutin:

HOCH2(CH2)14COOH

CH3(CH2)8CH(CH2)5COOH

(B)  Common wax components:

Straight-chain alkanes CH3(CH2)27CH3

CH3(CH2)29CH3

 

Fatty acid ester                  CH3(CH2)22C — O(CH2)25CH3
 

Long-chain fatty acid CH3(CH2)22COOH

Long-chain alcohol CH3(CH2)24CH2OH

(C)  Hydroxy fatty acids that polymerize along with other 
       constituents to make suberin:     

HOCH2(CH2)14COOH

HOOC(CH2)14COOH (a dicarboxylic acid)

O

OH

FIGURE 13.1 Constituents of (A) cutin, (B) waxes, and 
(C) suberin.

1 Recall from Chapter 11 that the nomenclature for fatty
acids is X:Y, where X is the number of carbon atoms and Y
is the number of cis double bonds.

Surface wax

Cuticle proper
(cutin embedded
 in wax) 

Cuticular layer
(cutin, wax, and
carbohydrates)

Cell wall

Plasma membrane

Epidermal 
cell 
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Middle lamella

Vacuole

(B)

Cuticle

Cuticular
layer

Primary
cell wall

Plasma
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FIGURE 13.2 (A) Schematic drawing of the structure of the
plant cuticle, the protective covering on the epidermis of
leaves and young stems at the stage of full leaf expansion.
(B) Electron micrograph of the cuticle of a glandular cell
from a young leaf (Lamium sp.), showing the presence of
the cuticle layers indicated in A, except for surface waxes,
which are not visible. (51,000×) (A, after Jeffree 1996; B,
from Gunning and Steer 1996.) 

(A)



Suberin is a cell wall constituent found in many loca-
tions throughout the plant. We have already noted its pres-
ence in the Casparian strip of the root endodermis, which
forms a barrier between the apoplast of the cortex and the
stele (see Chapter 4). Suberin is a principal component of
the outer cell walls of all underground organs and is asso-
ciated with the cork cells of the periderm, the tissue that
forms the outer bark of stems and roots during secondary
growth of woody plants. Suberin also forms at sites of leaf
abscission and in areas damaged by disease or wounding.

Cutin, Waxes, and Suberin Help Reduce
Transpiration and Pathogen Invasion
Cutin, suberin, and their associated waxes form barriers
between the plant and its environment that function to keep
water in and pathogens out. The cuticle is very effective at
limiting water loss from aerial parts of the plant but does not
block transpiration completely because even with the stom-
ata closed, some water is lost. The thickness of the cuticle
varies with environmental conditions. Plant species native
to arid areas typically have thicker cuticles than plants from
moist habitats have, but plants from moist habitats often
develop thick cuticles when grown under dry conditions.

The cuticle and suberized tissue are both important in
excluding fungi and bacteria, although they do not appear
to be as important in pathogen resistance as some of the
other defenses we will discuss in this chapter. Many fungi
penetrate directly through the plant surface by mechanical
means. Others produce cutinase, an enzyme that hydrolyzes
cutin and thus facilitates entry into the plant.

SECONDARY METABOLITES

Plants produce a large, diverse array of organic compounds
that appear to have no direct function in growth and devel-
opment. These substances are known as secondary
metabolites, secondary products, or natural products. Sec-
ondary metabolites have no generally recognized, direct
roles in the processes of photosynthesis, respiration, solute
transport, translocation, protein synthesis, nutrient assim-
ilation, differentiation, or the formation of carbohydrates,
proteins, and lipids discussed elsewhere in this book.

Secondary metabolites also differ from primary metabo-
lites (amino acids, nucleotides, sugars, acyl lipids) in hav-
ing a restricted distribution in the plant kingdom. That is,
particular secondary metabolites are often found in only
one plant species or related group of species, whereas pri-
mary metabolites are found throughout the plant kingdom.

Secondary Metabolites Defend Plants against
Herbivores and Pathogens
For many years the adaptive significance of most plant sec-
ondary metabolites was unknown. These compounds were
thought to be simply functionless end products of metab-
olism, or metabolic wastes. Study of these substances was
pioneered by organic chemists of the nineteenth and early
twentieth centuries who were interested in these sub-
stances because of their importance as medicinal drugs,
poisons, flavors, and industrial materials.

More recently, many secondary metabolites have been
suggested to have important ecological functions in plants:
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FIGURE 13.3 Surface wax
deposits, which form the top
layer of the cuticle, adopt dif-
ferent forms. These scanning
electron micrographs show the
leaf surfaces of two different
lines of Brassica oleracea, which
differ in wax crystal structure.
(From Eigenbrode et al. 1991,
courtesy of S. D. Eigenbrode,
with permission from the
Entomological Society of
America.) 



• They protect plants against being eaten by herbivores
(herbivory) and against being infected by microbial
pathogens.

• They serve as attractants for pollinators and seed-
dispersing animals and as agents of plant–plant
competition.

In the remainder of this chapter we will discuss the major
types of plant secondary metabolites, their biosynthesis,
and what is known about their functions in the plant, par-
ticularly their roles in defense.

Plant Defenses Are a Product of Evolution
We can begin by asking how plants came to have defenses.
According to evolutionary biologists, plant defenses must
have arisen through heritable mutations, natural selection,
and evolutionary change. Random mutations in basic
metabolic pathways led to the appearance of new com-
pounds that happened to be toxic or deterrent to herbi-
vores and pathogenic microbes.

As long as these compounds were not unduly toxic to
the plants themselves and the metabolic cost of producing
them was not excessive, they gave the plants that pos-
sessed them greater reproductive fitness than undefended
plants had. Thus the defended plants left more descen-
dants than undefended plants, and they passed their defen-
sive traits on to the next generation.

Interestingly, the very defense compounds that increase
the reproductive fitness of plants by warding off fungi, bac-
teria, and herbivores may also make them undesirable as
food for humans. Many important crop plants have been
artificially selected for producing relatively low levels of
these compounds, which of course can make them more
susceptible to insects and disease.

Secondary Metabolites Are Divided into 
Three Major Groups
Plant secondary metabolites can be divided into three
chemically distinct groups: terpenes, phenolics, and nitro-
gen-containing compounds. Figure 13.4 shows in simpli-
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Erythrose-4-phosphate 3-Phosphoglycerate
(3-PGA)Phosphoenolpyruvate Pyruvate

Acetyl CoATricarboxylic
acid cycle

Aliphatic
amino acids

Aromatic
amino acids

Shikimic acid
pathway

Terpenes

Nitrogen-containing
secondary products

Phenolic
compounds

Malonic
acid pathway

MEP pathwayMevalonic
acid pathway

SECONDARY CARBON METABOLISM

CO2

Photosynthesis

PRIMARY CARBON METABOLISM

FIGURE 13.4 A simplified view of the major pathways of secondary-metabolite
biosynthesis and their interrelationships with primary metabolism.



fied form the pathways involved in the biosynthesis of sec-
ondary metabolites and their interconnections with pri-
mary metabolism.

TERPENES
The terpenes, or terpenoids, constitute the largest class of
secondary products. The diverse substances of this class are
generally insoluble in water. They are biosynthesized from
acetyl-CoA or glycolytic intermediates. After discussing the
biosynthesis of terpenes, we’ll examine how they act to
repel herbivores and how some herbivores circumvent the
toxic effects of terpenes.

Terpenes Are Formed by the Fusion of Five-
Carbon Isoprene Units
All terpenes are derived from the union of five-carbon ele-
ments that have the branched carbon skeleton of isopentane:

The basic structural elements of terpenes are sometimes
called isoprene units because terpenes can decompose at
high temperatures to give isoprene:

Thus all terpenes are occasionally referred to as isoprenoids.
Terpenes are classified by the number of five-carbon

units they contain, although extensive metabolic modifi-
cations can sometimes make it difficult to pick out the orig-
inal five-carbon residues. Ten-carbon terpenes, which con-
tain two C5 units, are called monoterpenes; 15-carbon
terpenes (three C5 units) are sesquiterpenes; and 20-carbon
terpenes (four C5 units) are diterpenes. Larger terpenes
include triterpenes (30 carbons), tetraterpenes (40 carbons),
and polyterpenoids ([C5]n carbons, where n > 8).

There Are Two Pathways for Terpene Biosynthesis
Terpenes are biosynthesized from primary metabolites in
at least two different ways. In the well-studied mevalonic
acid pathway, three molecules of acetyl-CoA are joined
together stepwise to form mevalonic acid (Figure 13.5).
This key six-carbon intermediate is then pyrophosphory-
lated, decarboxylated, and dehydrated to yield isopentenyl
diphosphate (IPP2).

IPP is the activated five-carbon building block of ter-
penes. Recently, it was discovered that IPP also can be
formed from intermediates of glycolysis or the photosyn-

thetic carbon reduction cycle via a separate set of reactions
called the methylerythritol phosphate (MEP) pathway
that operates in chloroplasts and other plastids (Lichten-
thaler 1999). Although all the details have not yet been elu-
cidated, glyceraldehyde-3-phosphate and two carbon atoms
derived from pyruvate appear to combine to generate an
intermediate that is eventually converted to IPP.

Isopentenyl Diphosphate and Its Isomer Combine
to Form Larger Terpenes
Isopentenyl diphosphate and its isomer, dimethylallyl
diphosphate (DPP), are the activated five-carbon building
blocks of terpene biosynthesis that join together to form
larger molecules. First IPP and DPP react to give geranyl
diphosphate (GPP), the 10-carbon precursor of nearly all
the monoterpenes (see Figure 13.5). GPP can then link to
another molecule of IPP to give the 15-carbon compound
farnesyl diphosphate (FPP), the precursor of nearly all the
sesquiterpenes. Addition of yet another molecule of IPP
gives the 20-carbon compound geranylgeranyl diphos-
phate (GGPP), the precursor of the diterpenes. Finally, FPP
and GGPP can dimerize to give the triterpenes (C30) and
the tetraterpenes (C40), respectively.

Some Terpenes Have Roles in Growth and
Development
Certain terpenes have a well-characterized function in
plant growth or development and so can be considered pri-
mary rather than secondary metabolites. For example, the
gibberellins, an important group of plant hormones, are
diterpenes. Sterols are triterpene derivatives that are essen-
tial components of cell membranes, which they stabilize by
interacting with phospholipids (see Chapter 11). The red,
orange, and yellow carotenoids are tetraterpenes that func-
tion as accessory pigments in photosynthesis and protect
photosynthetic tissues from photooxidation (see Chapter
7). The hormone abscisic acid (see Chapter 23) is a C15 ter-
pene produced by degradation of a carotenoid precursor.

Long-chain polyterpene alcohols known as dolichols
function as carriers of sugars in cell wall and glycoprotein
synthesis (see Chapter 15). Terpene-derived side chains,
such as the phytol side chain of chlorophyll (see Chapter
7), help anchor certain molecules in membranes. Thus var-
ious terpenes have important primary roles in plants. How-
ever, the vast majority of the different terpene structures
produced by plants are secondary metabolites that are pre-
sumed to be involved in defense.

Terpenes Defend against Herbivores in Many
Plants
Terpenes are toxins and feeding deterrents to many plant-
feeding insects and mammals; thus they appear to play
important defensive roles in the plant kingdom (Gershen-
zon and Croteau 1992). For example, the monoterpene
esters called pyrethroids that occur in the leaves and flow-

H3C

H2C
CH — CH     CH2

H3C

H3C
CH — CH2 — CH3

Secondary Metabolites and Plant Defense 287

2 IPP is the abbreviation for isopentenyl pyrophosphate, an
earlier name for this compound. The other pyrophosphory-
lated intermediates in the pathway are also now referred to
as diphosphates.



ers of Chrysanthemum species show very striking insecti-
cidal activity. Both natural and synthetic pyrethroids are
popular ingredients in commercial insecticides because of
their low persistence in the environment and their negligi-
ble toxicity to mammals.

In conifers such as pine and fir, monoterpenes accumu-
late in resin ducts found in the needles, twigs, and trunk.

These compounds are toxic to numerous insects, including
bark beetles, which are serious pests of conifer species
throughout the world. Many conifers respond to bark bee-
tle infestation by producing additional quantities of
monoterpenes (Trapp and Croteau 2001).

Many plants contain mixtures of volatile monoterpenes
and sesquiterpenes, called essential oils, that lend a char-
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FIGURE 13.5 Outline of terpene biosynthesis. The basic 5-carbon units of terpenes
are synthesized by two different pathways. The phosphorylated intermediates, IPP
and DMAPP, are combined to make 10-carbon, 15-carbon and larger terpenes.



acteristic odor to their foliage. Peppermint, lemon, basil,
and sage are examples of plants that contain essential oils.
The chief monoterpene constituent of peppermint oil is
menthol; that of lemon oil is limonene (Figure 13.6).

Essential oils have well-known insect repellent proper-
ties. They are frequently found in glandular hairs that pro-
ject outward from the epidermis and serve to “advertise”

the toxicity of the plant, repelling potential herbivores even
before they take a trial bite. In the glandular hairs, the ter-
penes are stored in a modified extracellular space in the cell
wall (Figure 13.7). Essential oils can be extracted from
plants by steam distillation and are important commer-
cially in flavoring foods and making perfumes.

Recent research has revealed an interesting twist on the
role of volatile terpenes in plant protection. In corn, cotton,
wild tobacco, and other species, certain monoterpenes and
sesquiterpenes are produced and emitted only after insect
feeding has already begun. These substances repel
ovipositing herbivores and attract natural enemies, includ-
ing predatory and parasitic insects, that kill plant-feeding
insects and so help minimize further damage (Turlings et
al. 1995; Kessler and Baldwin 2001). Thus, volatile terpenes
are not only defenses in their own right, but also provide a
way for plants to call for defensive help from other organ-
isms. The ability of plants to attract natural enemies of
plant-feeding insects shows promise as a new, ecologically
sound means of pest control (see Web Essay 13.1).

Among the nonvolatile terpene antiherbivore com-
pounds are the limonoids, a group of triterpenes (C30) well
known as bitter substances in citrus fruit. Perhaps the most
powerful deterrent to insect feeding known is azadirachtin
(Figure 13.8A), a complex limonoid from the neem tree
(Azadirachta indica) of Africa and Asia. Azadirachtin is a
feeding deterrent to some insects at doses as low as 50 parts
per billion, and it exerts a variety of toxic effects (Aerts and
Mordue 1997). It has considerable potential as a commer-
cial insect control agent because of its low toxicity to mam-
mals, and several preparations containing azadirachtin are
now being marketed in North America and India. 

The phytoecdysones, first isolated from the common
fern, Polypodium vulgare, are a group of plant steroids that
have the same basic structure as insect molting hormones
(Figure 13.8B). Ingestion of phytoecdysones by insects dis-
rupts molting and other developmental processes, often
with lethal consequences.

Triterpenes that are active against vertebrate herbivores
include cardenolides and saponins. Cardenolides are gly-
cosides (compounds containing an attached sugar or sug-
ars) that taste bitter and are extremely toxic to higher ani-
mals. In humans, they have dramatic effects on the heart
muscle through their influence on Na+/K+-activated ATPases.
In carefully regulated doses, they slow and strengthen the
heartbeat. Cardenolides extracted from species of foxglove
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FIGURE 13.6 Structures of limonene (A) and menthol (B).
These two well-known monoterpenes serve as defenses
against insects and other organisms that feed on these
plants. (A, photo © Calvin Larsen/Photo Researchers, Inc.;
B, photo © David Sieren/Visuals Unlimited.)

FIGURE 13.7 Monoterpenes and sesquiterpenes are commonly found in
glandular hairs on the plant surface. This scanning electron micrograph
shows a glandular hair on a young leaf of spring sunflower (Balsamorhiza
sagittata). Terpenes are thought to be synthesized in the cells of the hair
and are stored in the rounded cap at the top. This “cap” is an extracellular
space that forms when the cuticle and a portion of the cell wall pull away
from the remainder of the cell. (1105×) (© J. N. A. Lott/Biological Photo
Service.)



(Digitalis) are prescribed to millions of patients for the treat-
ment of heart disease (see Web Topic 13.1).

Saponins are steroid and triterpene glycosides, so
named because of their soaplike properties. The presence
of both lipid-soluble (the steroid or triterpene) and water-
soluble (the sugar) elements in one molecule gives
saponins detergent properties, and they form a soapy
lather when shaken with water. The toxicity of saponins is
thought to be a result of their ability to form complexes
with sterols. Saponins may interfere with sterol uptake
from the digestive system or disrupt cell membranes after
being absorbed into the bloodstream.

PHENOLIC COMPOUNDS
Plants produce a large variety of secondary products that
contain a phenol group—a hydroxyl functional group on
an aromatic ring:

These substances are classified as phenolic compounds.
Plant phenolics are a chemically heterogeneous group of
nearly 10,000 individual compounds: Some are soluble only
in organic solvents, some are water-soluble carboxylic acids
and glycosides, and others are large, insoluble polymers.

In keeping with their chemical diversity, phenolics play
a variety of roles in the plant. After giving a brief account
of phenolic biosynthesis, we will discuss several principal
groups of phenolic compounds and what is known about
their roles in the plant. Many serve as defense compounds

against herbivores and pathogens. Others function in
mechanical support, in attracting pollinators and fruit dis-
persers, in absorbing harmful ultraviolet radiation, or in
reducing the growth of nearby competing plants.

Phenylalanine Is an Intermediate in the
Biosynthesis of Most Plant Phenolics
Plant phenolics are biosynthesized by several different
routes and thus constitute a heterogeneous group from a
metabolic point of view. Two basic pathways are involved:
the shikimic acid pathway and the malonic acid pathway
(Figure 13.9). The shikimic acid pathway participates in the
biosynthesis of most plant phenolics. The malonic acid
pathway, although an important source of phenolic sec-
ondary products in fungi and bacteria, is of less signifi-
cance in higher plants.

The shikimic acid pathway converts simple carbohydrate
precursors derived from glycolysis and the pentose phos-
phate pathway to the aromatic amino acids (see Web Topic
13.2) (Herrmann and Weaver 1999). One of the pathway
intermediates is shikimic acid, which has given its name to
this whole sequence of reactions. The well-known, broad-
spectrum herbicide glyphosate (available commercially as
Roundup) kills plants by blocking a step in this pathway (see
Chapter 2 on the web site). The shikimic acid pathway is pre-
sent in plants, fungi, and bacteria but is not found in animals.
Animals have no way to synthesize the three aromatic amino
acids—phenylalanine, tyrosine, and tryptophan—which are
therefore essential nutrients in animal diets.

The most abundant classes of secondary phenolic com-
pounds in plants are derived from phenylalanine via the
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elimination of an ammonia molecule to form cinnamic acid
(Figure 13.10). This reaction is catalyzed by phenylalanine
ammonia lyase (PAL), perhaps the most studied enzyme
in plant secondary metabolism. PAL is situated at a branch
point between primary and secondary metabolism, so the
reaction that it catalyzes is an important regulatory step in
the formation of many phenolic compounds.

The activity of PAL is increased by environmental fac-
tors, such as low nutrient levels, light (through its effect on
phytochrome), and fungal infection. The point of control
appears to be the initiation of transcription. Fungal inva-
sion, for example, triggers the transcription of messenger
RNA that codes for PAL, thus increasing the amount of
PAL in the plant, which then stimulates the synthesis of
phenolic compounds.

The regulation of PAL activity in plants is made more
complex by the existence in many species of multiple PAL-
encoding genes, some of which are expressed only in spe-
cific tissues or only under certain environmental conditions
(Logemann et al. 1995).

Reactions subsequent to that catalyzed by PAL lead to
the addition of more hydroxyl groups and other sub-
stituents. Trans-cinnamic acid, p-coumaric acid, and their
derivatives are simple phenolic compounds called phenyl-
propanoids because they contain a benzene ring:

and a three-carbon side chain. Phenylpropanoids are
important building blocks of the more complex phenolic
compounds discussed later in this chapter.

Now that the biosynthetic pathways leading to most
widespread phenolic compounds have been determined,
researchers have turned their attention to studying how these
pathways are regulated. In some cases, specific enzymes,

such as PAL, are important in controlling flux through the
pathway. Several transcription factors have been shown to
regulate phenolic metabolism by binding to the promoter
regions of certain biosynthetic genes and activating tran-
scription. Some of these factors activate the transcription of
large groups of genes (Jin and Martin 1999).

Some Simple Phenolics Are Activated by
Ultraviolet Light
Simple phenolic compounds are widespread in vascular
plants and appear to function in different capacities. Their
structures include the following:

• Simple phenylpropanoids, such as trans-cinnamic
acid, p-coumaric acid, and their derivatives, such as
caffeic acid, which have a basic phenylpropanoid car-
bon skeleton (Figure 13.11A):

• Phenylpropanoid lactones (cyclic esters) called
coumarins, also with a phenylpropanoid skeleton (see
Figure 13.11B)

• Benzoic acid derivatives, which have a 
skeleton: which is formed from phenylpropanoids by
cleavage of a two-carbon fragment from the side
chain (see Figure 13.11C) (see also Figure 13.10)

As with many other secondary products, plants can elabo-
rate on the basic carbon skeleton of simple phenolic com-
pounds to make more complex products.

Many simple phenolic compounds have important roles
in plants as defenses against insect herbivores and fungi.
Of special interest is the phototoxicity of certain coumarins
called furanocoumarins, which have an attached furan
ring (see Figure 13.11B).
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These compounds are not toxic until they
are activated by light. Sunlight in the ultra-
violet A (UV-A) region (320–400 nm) causes
some furanocoumarins to become activated
to a high-energy electron state. Activated
furanocoumarins can insert themselves into
the double helix of DNA and bind to the
pyrimidine bases cytosine and thymine,
thus blocking transcription and repair and
leading eventually to cell death.

Phototoxic furanocoumarins are espe-
cially abundant in members of the Umbel-
liferae family, including celery, parsnip, and
parsley. In celery, the level of these com-
pounds can increase about 100-fold if the
plant is stressed or diseased. Celery pickers,
and even some grocery shoppers, have been
known to develop skin rashes from han-
dling stressed or diseased celery. Some
insects have adapted to survive on plants
that contain furanocoumarins and other
phototoxic compounds by living in silken
webs or rolled-up leaves, which screen out
the activating wavelengths (Sandberg and
Berenbaum 1989).

The Release of Phenolics into the Soil
May Limit the Growth of Other Plants
From leaves, roots, and decaying litter, plants
release a variety of primary and secondary
metabolites into the environment. Investiga-
tion of the effects of these compounds on
neighboring plants is the study of allelopa-
thy. If a plant can reduce the growth of
nearby plants by releasing chemicals into the
soil, it may increase its access to light, water,
and nutrients and thus its evolutionary fit-
ness. Generally speaking, the term allelopathy
has come to be applied to the harmful effects
of plants on their neighbors, although a pre-
cise definition also includes beneficial effects.

Simple phenylpropanoids and benzoic
acid derivatives are frequently cited as hav-
ing allelopathic activity. Compounds such
as caffeic acid and ferulic acid (see Figure
13.11A) occur in soil in appreciable amounts
and have been shown in laboratory experi-
ments to inhibit the germination and growth
of many plants (Inderjit et al. 1995).
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In spite of results such as these, the importance of
allelopathy in natural ecosystems is still controversial.
Many scientists doubt that allelopathy is a significant fac-
tor in plant–plant interactions because good evidence for
this phenomenon has been hard to obtain. It is easy to
show that extracts or purified compounds from one plant
can inhibit the growth of other plants in laboratory exper-
iments, but it has been very difficult to demonstrate that
these compounds are present in the soil in sufficient con-
centration to inhibit growth. Furthermore, organic sub-
stances in the soil are often bound to soil particles and may
be rapidly degraded by microbes.

In spite of the lack of supporting evidence, allelopathy
is currently of great interest because of its potential agri-
cultural applications. Reductions in crop yields caused by

weeds or residues from the previous crop may in some
cases be a result of allelopathy. An exciting future prospect
is the development of crop plants genetically engineered to
be allelopathic to weeds.

Lignin Is a Highly Complex Phenolic
Macromolecule
After cellulose, the most abundant organic substance in
plants is lignin, a highly branched polymer of phenyl-
propanoid groups

that plays both primary and secondary roles. The precise
structure of lignin is not known because it is difficult to
extract lignin from plants, where it is covalently bound to
cellulose and other polysaccharides of the cell wall.

Lignin is generally formed from three different phenyl-
propanoid alcohols: coniferyl, coumaryl, and sinapyl, alco-
hols which are synthesized from phenylalanine via various
cinnamic acid derivatives. The phenylpropanoid alcohols are
joined into a polymer through the action of enzymes that
generate free-radical intermediates. The proportions of the
three monomeric units in lignin vary among species, plant
organs, and even layers of a single cell wall. In the polymer,
there are often multiple C—C and C—O—C bonds in each
phenylpropanoid alcohol unit, resulting in a complex struc-
ture that branches in three dimensions. Unlike polymers
such as starch, rubber, or cellulose, the units of lignin do not
appear to be linked in a simple, repeating way. However,
recent research suggests that a guiding protein may bind the
individual phenylpropanoid units during lignin biosynthe-
sis, giving rise to a scaffold that then directs the formation of
a large, repeating unit (Davin and Lewis 2000; Hatfield and
Vermerris 2001). (See Web Topic 13.3 for the partial structure
of a hypothetical lignin molecule.)

Lignin is found in the cell walls of various types of sup-
porting and conducting tissue, notably the tracheids and
vessel elements of the xylem. It is deposited chiefly in the
thickened secondary wall but can also occur in the primary
wall and middle lamella in close contact with the celluloses
and hemicelluloses already present. The mechanical rigid-
ity of lignin strengthens stems and vascular tissue, allow-
ing upward growth and permitting water and minerals to
be conducted through the xylem under negative pressure
without collapse of the tissue. Because lignin is such a key
component of water transport tissue, the ability to make
lignin must have been one of the most important adapta-
tions permitting primitive plants to colonize dry land.

Besides providing mechanical support, lignin has signif-
icant protective functions in plants. Its physical toughness
deters feeding by animals, and its chemical durability makes
it relatively indigestible to herbivores. By bonding to cellu-
lose and protein, lignin also reduces the digestibility of these
substances. Lignification blocks the growth of pathogens
and is a frequent response to infection or wounding.
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There Are Four Major Groups of Flavonoids
The flavonoids are one of the largest classes of plant phe-
nolics. The basic carbon skeleton of a flavonoid contains 15
carbons arranged in two aromatic rings connected by a
three-carbon bridge: 

This structure results from two separate biosynthetic path-
ways: the shikimic acid pathway and the malonic acid
pathway (Figure 13.12).

Flavonoids are classified into different groups, primar-
ily on the basis of the degree of oxidation of the three-car-
bon bridge. We will discuss four of the groups shown in
Figure 13.10: the anthocyanins, the flavones, the flavonols,
and the isoflavones.

The basic flavonoid carbon skeleton may have numer-
ous substituents. Hydroxyl groups are usually present at
positions 4, 5, and 7, but they may also be found at other
positions. Sugars are very common as well; in fact, the
majority of flavonoids exist naturally as glycosides.

Whereas both hydroxyl groups and sugars increase the
water solubility of flavonoids, other substituents, such as
methyl ethers or modified isopentyl units, make flavonoids
lipophilic (hydrophobic). Different types of flavonoids per-
form very different functions in the plant, including pig-
mentation and defense.

Anthocyanins Are Colored Flavonoids That 
Attract Animals
In addition to predator–prey interactions, there are mutual-
istic associations among plants and animals. In return for the
reward of ingesting nectar or fruit pulp, animals perform
extremely important services for plants as carriers of pollen

and seeds. Secondary metabolites are involved in these
plant–animal interactions, helping to attract animals to flow-
ers and fruit by providing visual and olfactory signals.

The colored pigments of plants are of two principal
types: carotenoids and flavonoids. Carotenoids, as we have
already seen, are yellow, orange, and red terpenoid com-
pounds that also serve as accessory pigments in photo-
synthesis (see Chapter 7). Flavonoids are phenolic com-
pounds that include a wide range of colored substances.

The most widespread group of pigmented flavonoids is
the anthocyanins, which are responsible for most of the red,
pink, purple, and blue colors observed in plant parts. By col-
oring flowers and fruits, the anthocyanins are vitally impor-
tant in attracting animals for pollination and seed dispersal.

Anthocyanins are glycosides that have sugars at position
3 (Figure 13.13B) and sometimes elsewhere. Without their
sugars, anthocyanins are known as anthocyanidins (Figure
13.13A). Anthocyanin color is influenced by many factors,
including the number of hydroxyl and methoxyl groups in
ring B of the anthocyanidin (see Figure 13.13A), the presence
of aromatic acids esterified to the main skeleton, and the pH
of the cell vacuole in which these compounds are stored.
Anthocyanins may also exist in supramolecular complexes
along with chelated metal ions and flavone copigments. The
blue pigment of dayflower (Commelina communis) was found
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to consist of a large complex of six anthocyanin molecules,
six flavones, and two associated magnesium ions (Kondo et
al. 1992). The most common anthocyanidins and their colors
are shown in Figure 13.13 and Table 13.1.

Considering the variety of factors affecting anthocyanin
coloration and the possible presence of carotenoids as well,
it is not surprising that so many different shades of flower
and fruit color are found in nature. The evolution of flower
color may have been governed by selection pressures for
different sorts of pollinators, which often have different
color preferences.

Color, of course, is just one type of signal used to attract
pollinators to flowers. Volatile chemicals, particularly
monoterpenes, frequently provide attractive scents.

Flavonoids May Protect against Damage by
Ultraviolet Light
Two other major groups of flavonoids found in flowers are
flavones and flavonols (see Figure 13.10). These flavonoids

generally absorb light at shorter wavelengths
than anthocyanins do, so they are not visible to
the human eye. However, insects such as bees,
which see farther into the ultraviolet range of the
spectrum than humans do, may respond to
flavones and flavonols as attractant cues (Figure
13.14). Flavonols in a flower often form sym-
metric patterns of stripes, spots, or concentric
circles called nectar guides (Lunau 1992). These
patterns may be conspicuous to insects and are

thought to help indicate the location of pollen and nectar.
Flavones and flavonols are not restricted to flowers; they

are also present in the leaves of all green plants. These two
classes of flavonoids function to protect cells from exces-
sive UV-B radiation (280–320 nm) because they accumulate
in the epidermal layers of leaves and stems and absorb
light strongly in the UV-B region while allowing the visible
(photosynthetically active) wavelengths to pass through
uninterrupted. In addition, exposure of plants to increased
UV-B light has been demonstrated to increase the synthe-
sis of flavones and flavonols.

Arabidopsis thaliana mutants that lack the enzyme chal-
cone synthase produce no flavonoids. Lacking flavonoids,
these plants are much more sensitive to UV-B radiation
than wild-type individuals are, and they grow very poorly
under normal conditions. When shielded from UV light,
however, they grow normally (Li et al. 1993). A group of
simple phenylpropanoid esters are also important in UV
protection in Arabidopsis.
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TABLE 13.1
Effects of ring substituents on anthocyanidin color

Anthocyanidin Substituents Color

Pelargonidin 4′— OH Orange red
Cyanidin 3′— OH, 4′— OH Purplish red
Delphinidin 3′— OH,4′— OH,5′— OH Bluish purple
Peonidin 3′— OCH3, 4′— OH Rosy red
Petunidin 3′— OCH3, 4′— OH, 5′— OCH3 Purple

FIGURE 13.14 Black-eyed Susan (Rudbeckia sp.) as seen by
humans (A) and as it might appear to honeybees (B). (A)
To humans, the golden-eye has yellow rays and a brown
central disc. (B) To bees, the tips of the rays appear “light
yellow,” the inner portion of the rays “dark yellow,” and
the central disc “black.” Ultraviolet-absorbing flavonols are
found in the inner parts of the rays but not in the tips. The

distribution of flavonols in the rays and the sensitivity of
insects to part of the UV spectrum contribute to the
“bull’s-eye” pattern seen by honeybees, which presumably
helps them locate pollen and nectar. Special lighting was
used to simulate the spectral sensitivity of the honeybee
visual system. (Courtesy of Thomas Eisner.)

(B)(A)



Other functions of flavonoids have recently been dis-
covered. For example, flavones and flavonols secreted into
the soil by legume roots mediate the interaction of legumes
and nitrogen-fixing symbionts, a phenomenon described in
Chapter 12. As will be discussed in Chapter 19, recent work
suggests that flavonoids also play a regulatory role in plant
development as modulators of polar auxin transport.

Isoflavonoids Have Antimicrobial Activity
The isoflavonoids (isoflavones) are a group of flavonoids in
which the position of one aromatic ring (ring B) is shifted
(see Figure 13.10). Isoflavonoids are found mostly in
legumes and have several different bio-
logical activities. Some, such as the
rotenoids, have strong insecticidal
actions; others have anti-estrogenic
effects. For example, sheep grazing on
clover rich in isoflavonoids often suffer
from infertility. The isoflavonoid ring sys-
tem has a three-dimensional structure
similar to that of steroids (see Figure
13.8B), allowing these substances to bind
to estrogen receptors. Isoflavonoids may
also be responsible for the anticancer
benefits of food prepared from soybeans.

In the past few years, isoflavonoids
have become best known for their role as
phytoalexins, antimicrobial compounds
synthesized in response to bacterial or
fungal infection that help limit the spread
of the invading pathogen. Phytoalexins
are discussed in more detail later in this
chapter.

Tannins Deter Feeding by
Herbivores
A second category of plant phenolic
polymers with defensive properties,
besides lignins, is the tannins. The term
tannin was first used to describe com-
pounds that could convert raw animal
hides into leather in the process known
as tanning. Tannins bind the collagen
proteins of animal hides, increasing their
resistance to heat, water, and microbes.

There are two categories of tannins:
condensed and hydrolyzable. Con-
densed tannins are compounds formed
by the polymerization of flavonoid units
(Figure 13.15A). They are frequent con-
stituents of woody plants. Because con-
densed tannins can often be hydrolyzed
to anthocyanidins by treatment with
strong acids, they are sometimes called
pro-anthocyanidins.

Hydrolyzable tannins are heterogeneous polymers con-
taining phenolic acids, especially gallic acid, and simple
sugars (see Figure 13.15B). They are smaller than con-
densed tannins and may be hydrolyzed more easily; only
dilute acid is needed. Most tannins have molecular masses
between 600 and 3000.

Tannins are general toxins that significantly reduce the
growth and survivorship of many herbivores when added
to their diets. In addition, tannins act as feeding repellents
to a great diversity of animals. Mammals such as cattle,
deer, and apes characteristically avoid plants or parts of
plants with high tannin contents. Unripe fruits, for
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instance, frequently have very high tannin levels, which
may be concentrated in the outer cell layers. 

Interestingly, humans often prefer a certain level of
astringency in tannin-containing foods, such as apples,
blackberries, tea, and red wine. Recently, polyphenols (tan-
nins) in red wine were shown to block the formation of
endothelin-1, a signaling molecule that makes blood ves-
sels constrict (Corder et al. 2001). This effect of wine tan-
nins may account for the often-touted health benefits of red
wine, especially the reduction in the risk of heart disease
associated with moderate red wine consumption.

Although moderate amounts of specific polyphenolics
may have health benefits for humans, the defensive prop-
erties of most tannins are due to their toxicity, which is gen-
erally attributed to their ability to bind proteins nonspecif-
ically. It has long been thought that plant tannins complex
proteins in the guts of herbivores by forming hydrogen
bonds between their hydroxyl groups and electronegative
sites on the protein (Figure 13.16A).

More recent evidence indicates that tannins and other
phenolics can also bind to dietary protein in a covalent fash-
ion (see Figure 13.16B). The foliage of many plants contains
enzymes that oxidize phenolics to their corresponding
quinone forms in the guts of herbivores (Felton et al. 1989).
Quinones are highly reactive electrophilic molecules that
readily react with the nucleophilic —NH2 and —SH groups
of proteins (see Figure 13.16B). By whatever mechanism
protein–tannin binding occurs, this process has a negative
impact on herbivore nutrition. Tannins can inactivate her-
bivore digestive enzymes and create complex aggregates of
tannins and plant proteins that are difficult to digest.

Herbivores that habitually feed on tannin-rich plant
material appear to possess some interesting adaptations to
remove tannins from their digestive systems. For example,
some mammals, such as rodents and rabbits, produce sali-
vary proteins with a very high proline content (25–45%) that
have a high affinity for tannins. Secretion of these proteins
is induced by ingestion of food with a high tannin content
and greatly diminishes the toxic effects of tannins (Butler
1989). The large number of proline residues gives these pro-
teins a very flexible, open conformation and a high degree
of hydrophobicity that facilitates binding to tannins.

Plant tannins also serve as defenses against microor-
ganisms. For example, the nonliving heartwood of many
trees contains high concentrations of tannins that help pre-
vent fungal and bacterial decay.

NITROGEN-CONTAINING COMPOUNDS
A large variety of plant secondary metabolites have nitro-
gen in their structure. Included in this category are such
well-known antiherbivore defenses as alkaloids and
cyanogenic glycosides, which are of considerable interest
because of their toxicity to humans and their medicinal
properties. Most nitrogenous secondary metabolites are
biosynthesized from common amino acids.

In this section we will examine the structure and biolog-
ical properties of various nitrogen-containing secondary
metabolites, including alkaloids, cyanogenic glycosides, glu-
cosinolates, and nonprotein amino acids. In addition, we will
discuss the ability of systemin, a protein released from dam-
aged cells, to serve as a wound signal to the rest of the plant.

Alkaloids Have Dramatic Physiological Effects on
Animals
The alkaloids are a large family of more than 15,000 nitro-
gen-containing secondary metabolites found in approxi-
mately 20% of the species of vascular plants. The nitrogen
atom in these substances is usually part of a heterocyclic
ring, a ring that contains both nitrogen and carbon atoms.
As a group, alkaloids are best known for their striking
pharmacological effects on vertebrate animals.

As their name would suggest, most alkaloids are alka-
line. At pH values commonly found in the cytosol (pH 7.2)
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groups may bind covalently to proteins following activa-
tion by oxidative enzymes, such as polyphenol oxidase. 



or the vacuole (pH 5 to 6), the nitrogen atom is protonated;
hence, alkaloids are positively charged and are generally
water soluble.

Alkaloids are usually synthesized from one of a few
common amino acids—in particular, lysine, tyrosine, and
tryptophan. However, the carbon skeleton of some alka-
loids contains a component derived from the terpene
pathway. Table 13.2 lists the major alkaloid types and their
amino acid precursors. Several different types, including
nicotine and its relatives (Figure 13.17), are derived from
ornithine, an intermediate in arginine biosynthesis. The B
vitamin nicotinic acid (niacin) is a precursor of the pyridine
(six-membered) ring of this alkaloid; the pyrrolidine (five-
membered) ring of nicotine arises from ornithine (Figure
13.18). Nicotinic acid is also a constituent of NAD+ and
NADP+, which serve as electron carriers in metabolism.

The role of alkaloids in plants has been a subject of spec-
ulation for at least 100 years. Alkaloids were once thought
to be nitrogenous wastes (analogous to urea and uric acid
in animals), nitrogen storage compounds, or growth regu-
lators, but there is little evidence to support any of these
functions. Most alkaloids are now believed to function as
defenses against predators, especially mammals, because
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TABLE 13.2
Major types of alkaloids, their amino acid precursors, and well-known examples of each type

Biosynthetic 
Alkaloid class Structure precursor Examples Human uses

Pyrrolidine Ornithine (aspartate) Nicotine Stimulant, depressant, tranquilizer

Tropane Ornithine Atropine Prevention of intestinal spasms, antidote to other 
poisons, dilation of pupils for examination

Cocaine Stimulant of the central nervous system, local 
anesthetic

Piperidine Lysine (or acetate) Coniine Poison (paralyzes motor neurons)

Pyrrolizidine Ornithine Retrorsine None

Quinolizidine Lysine Lupinine Restoration of heart rhythm

Isoquinoline Tyrosine Codeine Analgesic (pain relief ), treatment of coughs

Morphine Analgesic

Indole Tryptophan Psilocybin Halucinogen

Reserpine Treatment of hypertension, treatment of psychoses

Strychnine Rat poison, treatment of eye disorders
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FIGURE 13.17 Examples of alkaloids, a diverse group of
secondary metabolites that contain nitrogen, usually as part
of a heterocyclic ring. Caffeine is a purine-type alkaloid
similar to the nucleic acid bases adenine and guanine. The
pyrrolidine (five-membered) ring of nicotine arises from
ornithine; the pyridine (six-membered) ring is derived from
nicotinic acid. 



of their general toxicity and deter-
rence capability (Hartmann 1992).

Large numbers of livestock
deaths are caused by the ingestion
of alkaloid-containing plants. In
the United States, a significant per-
centage of all grazing livestock
animals are poisoned each year by
consumption of large quantities of
alkaloid-containing plants such as
lupines (Lupinus), larkspur (Del-
phinium), and groundsel (Senecio).
This phenomenon may be due to
the fact that domestic animals,
unlike wild animals, have not
been subjected to natural selection
for the avoidance of toxic plants.

Indeed, some livestock actually seem to prefer alkaloid-
containing plants to less harmful forage.

Nearly all alkaloids are also toxic to humans when taken
in sufficient quantity. For example, strychnine, atropine, and
coniine (from poison hemlock) are classic alkaloid poison-
ing agents. At lower doses, however, many are useful phar-
macologically. Morphine, codeine, and scopolamine are just
a few of the plant alkaloids currently used in medicine.
Other alkaloids, including cocaine, nicotine, and caffeine (see
Figure 13.17), enjoy widespread nonmedical use as stimu-
lants or sedatives.

On a cellular level, the mode of action of alkaloids in
animals is quite variable. Many alkaloids interfere with
components of the nervous system, especially the chemi-
cal transmitters; others affect membrane transport, protein
synthesis, or miscellaneous enzyme activities.

One group of alkaloids, the pyrrolizidine alkaloids, illus-
trates how herbivores can become adapted to tolerate plant
defensive substances and even use them in their own
defense (Hartmann 1999). Within plants, pyrrolizidine alka-
loids occur naturally as nontoxic N-oxides. In herbivore
digestive tracts, however, they are quickly reduced to
uncharged, hydrophobic tertiary alkaloids (Figure 13.19),
which easily pass through membranes and are toxic. Nev-
ertheless, some herbivores, such as cinnabar moth (Tyria
jacobeae), have developed the ability to reconvert tertiary
pyrrolizidine alkaloids to the nontoxic N-oxide form imme-
diately after its absorption from the digestive tract. These
herbivores may then store the N-oxides in their bodies as
defenses against their own predators.

Not all of the alkaloids that appear in plants are pro-
duced by the plant itself. Many grasses harbor endogenous
fungal symbionts that grow in the apoplast and synthesize
a variety of different types of alkaloids. Grasses with fun-
gal symbionts often grow faster and are better defended
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against insect and mammalian herbivores than those with-
out symbionts. Unfortunately, certain grasses with sym-
bionts, such as tall fescue, are important pasture grasses
that may become toxic to livestock when their alkaloid con-
tent is too high. Efforts are under way to breed tall fescue
with alkaloid levels that are not poisonous to livestock but
still provide protection against insects (see Web Essay 13.2).

Like monoterpenes in conifer resin and many other anti-
herbivore defense compounds, alkaloids increase in
response to initial herbivore damage, fortifying the plant
against subsequent attack (Karban and Baldwin 1997). For
example, Nicotiana attenuata, a wild tobacco that grows in
the deserts of the Great Basin, produces higher levels of
nicotine following herbivory. When it is attacked by nico-
tine-tolerant caterpillars, however, there is no increase in
nicotine. Instead, volatile terpenes are released that attract
enemies of the caterpillars. Clearly, wild tobacco and other
plants must have ways of determining what type of herbi-
vore is damaging their foliage. Herbivores might signal
their presence by the type of damage they inflict or the dis-
tinctive chemical compounds they release. Recently, the oral
secretions of caterpillars feeding on corn leaves were shown
to contain a fatty acid–amino acid conjugate that induced
the plant to produce defensive terpenes when applied to cut
leaves.

Cyanogenic Glycosides Release the Poison
Hydrogen Cyanide
Various nitrogenous protective compounds other than
alkaloids are found in plants. Two groups of these sub-
stances—cyanogenic glycosides and glucosinolates—are
not in themselves toxic but are readily broken down to give
off volatile poisons when the plant is crushed. Cyanogenic
glycosides release the well-known poisonous gas hydrogen
cyanide (HCN).

The breakdown of cyanogenic glycosides in plants is a
two-step enzymatic process. Species that make cyanogenic
glycosides also make the enzymes necessary to hydrolyze
the sugar and liberate HCN:

1. In the first step the sugar is cleaved by a glycosidase,
an enzyme that separates sugars from other mole-
cules to which they are linked (Figure 13.20).

2. In the second step the resulting hydrolysis product,
called an α-hydroxynitrile or cyanohydrin, can
decompose spontaneously at a low rate to liberate
HCN. This second step can be accelerated by the
enzyme hydroxynitrile lyase.

Cyanogenic glycosides are not normally broken down
in the intact plant because the glycoside and the degrada-
tive enzymes are spatially separated, in different cellular
compartments or in different tissues. In sorghum, for exam-
ple, the cyanogenic glycoside dhurrin is present in the vac-
uoles of epidermal cells, while the hydrolytic and lytic
enzymes are found in the mesophyll (Poulton 1990).

Under ordinary conditions this compartmentation pre-
vents decomposition of the glycoside. When the leaf is
damaged, however, as during herbivore feeding, the cell
contents of different tissues mix and HCN forms.
Cyanogenic glycosides are widely distributed in the plant
kingdom and are frequently encountered in legumes,
grasses, and species of the rose family.

Considerable evidence indicates that cyanogenic glyco-
sides have a protective function in certain plants. HCN is a
fast-acting toxin that inhibits metalloproteins, such as the
iron-containing cytochrome oxidase, a key enzyme of mito-
chondrial respiration. The presence of cyanogenic glycosides
deters feeding by insects and other herbivores, such as snails
and slugs. As with other classes of secondary metabolites,
however, some herbivores have adapted to feed on
cyanogenic plants and can tolerate large doses of HCN.

The tubers of cassava (Manihot esculenta), a high-carbo-
hydrate, staple food in many tropical countries, contain
high levels of cyanogenic glycosides. Traditional process-
ing methods, such as grating, grinding, soaking, and dry-
ing, lead to the removal or degradation of a large fraction
of the cyanogenic glycosides present in cassava tubers.
However, chronic cyanide poisoning leading to partial
paralysis of the limbs is still widespread in regions where
cassava is a major food source because the traditional
detoxification methods employed to remove cyanogenic
glycosides from cassava are not completely effective. In
addition, many populations that consume cassava have
poor nutrition, which aggravates the effects of the
cyanogenic glycosides.
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Efforts are currently under way to reduce the cyanogenic
glycoside content of cassava through both conventional
breeding and genetic engineering approaches. However, the
complete elimination of cyanogenic glycosides may not be
desirable because these substances are probably responsi-
ble for the fact that cassava can be stored for very long peri-
ods of time without being attacked by pests.

Glucosinolates Release Volatile Toxins
A second class of plant glycosides, called the glucosino-
lates, or mustard oil glycosides, break down to release
volatile defensive substances. Found principally in the
Brassicaceae and related plant families, glucosinolates give
off the compounds responsible for the smell and taste of
vegetables such as cabbage, broccoli, and radishes.

The release of these mustard-smelling volatiles from
glucosinolates is catalyzed by a hydrolytic enzyme, called
a thioglucosidase or myrosinase, that cleaves glucose from
its bond with the sulfur atom (Figure 13.21). The resulting
aglycone, the nonsugar portion of the molecule, rearranges
with loss of the sulfate to give pungent and chemically
reactive products, including isothiocyanates and nitriles,
depending on the conditions of hydrolysis. These products
function in defense as herbivore toxins and feeding repel-
lents. Like cyanogenic glycosides, glucosinolates are stored
in the intact plant separately from the enzymes that
hydrolyze them, and they are brought into contact with
these enzymes only when the plant is crushed.

As with other secondary metabolites, certain animals are
adapted to feed on glucosinolate-containing plants without ill

effects. For adapted herbivores, such as the cabbage butterfly,
glucosinolates often serve as stimulants for feeding and egg
laying, and the isothiocyanates produced after glucosinolate
hydrolysis act as volatile attractants (Renwick et al. 1992).

Most of the recent research on glucosinolates in plant
defense has concentrated on rape, or canola (Brassica
napus), a major oil crop in both North America and Europe.
Plant breeders have tried to lower the glucosinolate levels
of rapeseed so that the high-protein seed meal remaining
after oil extraction can be used as animal food. The first
low-glucosinolate varieties tested in the field were unable
to survive because of severe pest problems. However, more
recently developed varieties with low glucosinolate levels
in seeds but high glucosinolate levels in leaves are able to
hold their own against pests and still provide a protein-rich
seed residue for animal feeding.

Nonprotein Amino Acids Defend against
Herbivores
Plants and animals incorporate the same 20 amino acids
into their proteins. However, many plants also contain
unusual amino acids, called nonprotein amino acids, that
are not incorporated into proteins but are present instead
in the free form and act as protective substances. Nonpro-
tein amino acids are often very similar to common protein
amino acids. Canavanine, for example, is a close analog of
arginine, and azetidine-2-carboxylic acid has a structure
very much like that of proline (Figure 13.22).

Nonprotein amino acids exert their toxicity in various
ways. Some block the synthesis or uptake of protein amino
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acids; others, such as canavanine, can be mistakenly incor-
porated into proteins. After ingestion, canavanine is recog-
nized by the herbivore enzyme that normally binds arginine
to the arginine transfer RNA molecule, so it becomes incor-
porated into proteins in place of arginine. The usual result
is a nonfunctional protein because either its tertiary struc-
ture or its catalytic site is disrupted. Canavanine is less basic
than arginine and may alter the ability of an enzyme to bind
substrates or catalyze chemical reactions (Rosenthal 1991).

Plants that synthesize nonprotein amino acids are not
susceptible to the toxicity of these compounds. The jack
bean (Canavalia ensiformis), which synthesizes large amounts
of canavanine in its seeds, has protein-synthesizing machin-
ery that can discriminate between canavanine and arginine,
and it does not incorporate canavanine into its own pro-
teins. Some insects that specialize on plants containing non-
protein amino acids have similar biochemical adaptations.

Some Plant Proteins Inhibit Herbivore Digestion
Among the diverse components of plant defense arsenals
are proteins that interfere with herbivore digestion. For
example, some legumes synthesize α-amylase inhibitors
that block the action of the starch-digesting enzyme α-amy-
lase. Other plant species produce lectins, defensive proteins
that bind to carbohydrates or carbohydrate-containing pro-
teins. After being ingested by an herbivore, lectins bind to
the epithelial cells lining the digestive tract and interfere
with nutrient absorption (Peumans and Van Damme 1995).

The best-known antidigestive proteins in
plants are the proteinase inhibitors. Found in
legumes, tomatoes, and other plants, these sub-
stances block the action of herbivore proteolytic
enzymes. After entering the herbivore’s diges-
tive tract, they hinder protein digestion by bind-
ing tightly and specifically to the active site of
protein-hydrolyzing enzymes such as trypsin
and chymotrypsin. Insects that feed on plants
containing proteinase inhibitors suffer reduced
rates of growth and development that can be
offset by supplemental amino acids in their diet.

The defensive role of proteinase inhibitors has
been confirmed by experiments with transgenic
tobacco. Plants that had been transformed to
accumulate increased levels of proteinase
inhibitors suffered less damage from insect her-
bivores than did untransformed control plants
(Johnson et al. 1989).

Herbivore Damage Triggers a Complex
Signaling Pathway
Proteinase inhibitors and certain other defenses
are not continuously present in plants, but are
synthesized only after initial herbivore or
pathogen attack. In tomatoes, insect feeding
leads to the rapid accumulation of proteinase

inhibitors throughout the plant, even in undamaged areas
far from the initial feeding site. The systemic production of
proteinase inhibitors in young tomato plants is triggered
by a complex sequence of events:

1. Wounded tomato leaves synthesize prosystemin, a
large (200 amino acid) precursor protein.

2. Prosystemin is proteolytically processed to produce
the short (18 amino acid) polypeptide called sys-
temin, the first (and so far only) polypeptide hor-
mone discovered in plants (Pearce et al. 1991) (Figure
13.23).

3. Systemin is released from damaged cells into the
apoplast.

4. Systemin is then transported out of the wounded leaf
via the phloem.

5. In target cells, systemin is believed to bind to a site
on the plasma membrane and initiate the biosynthe-
sis of jasmonic acid, a plant growth regulator that
has wide-ranging effects (Creelman and Mullet 1997).

6. Jasmonic acid eventually activates the expression of
genes that encode proteinase inhibitors (see Figure
13.23). Other signals, such as ABA (abscisic acid), sal-
icylic acid, and pectin fragments from damaged plant
cell walls also appear to participate in this wound-
signaling cascade, but their specific roles are still
unclear.
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Jasmonic Acid Is a Plant Stress Hormone That
Activates Many Defense Responses
Jasmonic acid levels rise steeply in response to damage
caused by a variety of different herbivores and trigger the
formation of many different kinds of plant defenses besides
proteinase inhibitors, including terpenes and alkaloids. The
structure and biosynthesis of jasmonic acid have intrigued
plant biologists because of the parallels to some eicosanoids
that are central to inflammatory responses and other phys-
iological processes in mammals (see Chapter 14 on the web
site). In plants, jasmonic acid is synthesized from linolenic
acid (18:3), which is released from membrane lipids and
then converted to jasmonic acid as outlined in Figure 13.24.

Jasmonic acid is known to induce the transcription of a
host of genes involved in plant defense metabolism. The
mechanisms for this gene activation are slowly becoming
clear. For example, recent research on the Madagascar peri-
winkle (Catharanthus roseus), which makes some valuable
anticancer alkaloids, identified a transcription factor that
responds to jasmonic acid by activating the expression of
several genes encoding alkaloid biosynthetic genes (van der
Fits and Memelink 2000). Interestingly, this transcription
factor also activates the genes of certain primary metabolic
pathways that provide precursors for alkaloid formation, so
it appears to be a master regulator of metabolism in Mada-
gascar periwinkle.

Direct demonstration of the role of jasmonic acid in
insect resistance has come from research with mutant lines
of Arabidopsis that produce only low levels of jasmonic acid
(McConn et al. 1997). Such mutants are easily killed by
insect pests, such as fungus gnats, that normally do not
damage Arabidopsis. However, application of exogenous
jasmonic acid can restore resistance nearly to the levels of
the wild-type plant.

PLANT DEFENSE AGAINST PATHOGENS
Even though they lack an immune system, plants are sur-
prisingly resistant to diseases caused by the fungi, bacteria,
viruses, and nematodes that are ever present in the envi-
ronment. In this section we will examine the diverse array
of mechanisms that plants have evolved to resist infection,
including the production of antimicrobial agents and a type
of programmed cell death (see Chapter 16) called the hyper-
sensitive response. Finally, we will discuss a special type of
plant immunity called systemic acquired resistance.

Some Antimicrobial Compounds Are Synthesized
before Pathogen Attack
Several classes of secondary metabolites that we have
already discussed have strong antimicrobial activity when
tested in vitro; thus they have been proposed to function as
defenses against pathogens in the intact plant. Among
these are saponins, a group of triterpenes thought to dis-
rupt fungal membranes by binding to sterols.

Experiments performed in the laboratory of Anne
Osbourn at the John Innes Centre (Norwich, England) uti-
lized genetic approaches to demonstrate the role of saponins
in defense against pathogens of oat (Papadopoulou et al.
1999). Mutant oat lines with reduced saponin levels had
much less resistance to fungal pathogens than wild-type
oats. Interestingly, one fungal strain that normally grows on
oats was able to detoxify one of the principal saponins in the
plant. However, mutants of this strain that could no longer
detoxify saponins failed to infect oats, but could grow suc-
cessfully on wheat that did not contain any saponins.

Infection Induces Additional Antipathogen
Defenses
Some defenses are induced by herbivore attack or micro-
bial infection. Defenses that are produced only after initial
herbivore damage theoretically require a smaller invest-
ment of plant resources than defenses that are always pre-
sent, but they must be activated quickly to be effective. Like
proteinase inhibitors, other induced defenses appear to be
triggered by complex signal transduction networks, which
often involve jasmonic acid.

After being infected by a pathogen, plants deploy a
broad spectrum of defenses against invading microbes. A
common defense is the hypersensitive response, in which
cells immediately surrounding the infection site die rapidly,
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depriving the pathogen of nutrients and preventing its
spread. After a successful hypersensitive response, a small
region of dead tissue is left at the site of the attempted inva-
sion, but the rest of the plant is unaffected.

The hypersensitive response is often preceded by the pro-
duction of reactive oxygen species. Cells in the vicinity of the
infection synthesize a burst of toxic compounds formed by
the reduction of molecular oxygen, including the superoxide
anion (O2

• –), hydrogen peroxide (H2O2) and the hydroxyl
radical (•OH). An NADPH-dependent oxidase located on the
plasma membrane (Figure 13.25) is thought to produce O2

• –,
which in turn is converted to •OH and H2O2.

The hydroxyl radical is the strongest oxidant of these
active oxygen species and can initiate radical chain reac-
tions with a range of organic molecules, leading to lipid
peroxidation, enzyme inactivation, and nucleic acid degra-
dation (Lamb and Dixon 1997). Active oxygen species may
contribute to cell death as part of the hypersensitive
response or act to kill the pathogen directly.

Many species react to fungal or bacterial invasion by
synthesizing lignin or callose (see Chapter 10). These poly-
mers are thought to serve as barriers, walling off the
pathogen from the rest of the plant and physically block-
ing its spread. A related response is the modification of cell
wall proteins. Certain proline-rich proteins of the wall
become oxidatively cross-linked after pathogen attack in
an H2O2-mediated reaction (see Figure 13.25) (Bradley et
al. 1992). This process strengthens the walls of the cells in
the vicinity of the infection site, increasing their resistance
to microbial digestion.

Another defensive response to infection is the formation
of hydrolytic enzymes that attack the cell wall of the
pathogen. An assortment of glucanases, chitinases, and
other hydrolases are induced by fungal invasion. Chitin, a
polymer of N-acetylglucosamine residues, is a principal
component of fungal cell walls. These hydrolytic enzymes
belong to a group of proteins that are closely associated
with pathogen infection and so are known as pathogene-
sis-related (PR) proteins.

Phytoalexins. Perhaps the best-studied response of plants
to bacterial or fungal invasion is the synthesis of phy-
toalexins. Phytoalexins are a chemically diverse group of
secondary metabolites with strong antimicrobial activity
that accumulate around the site of infection.

Phytoalexin production appears to be a common mech-
anism of resistance to pathogenic microbes in a wide range
of plants. However, different plant families employ differ-
ent types of secondary products as phytoalexins. For exam-
ple, isoflavonoids are common phytoalexins in the legume
family, whereas in plants of the potato family (Solanaceae),
such as potato, tobacco, and tomato, various sesquiterpenes
are produced as phytoalexins (Figure 13.26).

Phytoalexins are generally undetectable in the plant
before infection, but they are synthesized very rapidly after
microbial attack because of the activation of new biosyn-
thetic pathways. The point of control is usually the initia-
tion of gene transcription. Thus, plants do not appear to
store any of the enzymatic machinery required for phy-
toalexin synthesis. Instead, soon after microbial invasion
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they begin transcribing and translating the appropriate
mRNAs and synthesizing the enzymes de novo.

Although phytoalexins accumulate in concentrations that
have been shown to be toxic to pathogens in bioassays, the
defensive significance of these compounds in the intact plant
is not fully known. Recent experiments on genetically mod-
ified plants and pathogens have provided the first direct
proof of phytoalexin function in vivo. For example, when
tobacco was transformed with a gene catalyzing the biosyn-
thesis of the phenylpropanoid phytoalexin resveratrol, it
became much more resistant to a fungal pathogen than non-
transformed control plants were (Hain et al. 1993). In con-
trast, Arabidopsis mutants deficient in the tryptophan-derived
phytoalexin camalexin were more susceptible than the wild-
type to a fungal pathogen. In other experiments, pathogens
that had been transformed with genes encoding phytoalexin-
degrading enzymes were then able to infect plants that were
normally resistant to them (Kombrink and Somssich 1995).

Some Plants Recognize Specific Substances
Released from Pathogens
Within a species, individual plants often differ greatly in
their resistance to microbial pathogens. These differences
often lie in the speed and intensity of a plant’s reactions.
Resistant plants respond more rapidly and more vigor-
ously to pathogens than susceptible plants. Hence it is
important to learn how plants sense the presence of
pathogens and initiate defense.

In the last few years, researchers have isolated over 20
different plant resistance genes, known as R genes, that

function in defense against fungi, bacteria,
and nematodes. Most of the R genes are
thought to encode protein receptors that rec-
ognize and bind specific molecules originat-
ing from pathogens. This binding alerts the
plant to the pathogen’s presence (see Figure
13.25). The specific pathogen molecules rec-
ognized are referred to as elicitors, and they
include proteins, peptides, sterols, and poly-
saccharide fragments arising from the
pathogen cell wall, outer membrane, or a
secretion process (Boller 1995). 

The R gene products themselves are nearly
all proteins with a leucine-rich domain that is
repeated inexactly several times in the amino
acid sequence (see Chapter 14 on the web-
site). Such domains may be involved in elic-
itor binding and pathogen recognition. In
addition, the R gene product is equipped to

initiate signaling pathways that activate the various modes
of antipathogen defense. Some R genes encode a
nucleotide-binding site that binds ATP or GTP; others
encode a protein kinase domain (Young 2000).

R gene products are distributed in more than one place
in the cell. Some appear to be situated on the outside of the
plasma membrane, where they could rapidly detect elici-
tors; others are cytoplasmic to detect either pathogen mol-
ecules that are injected into the cell or other metabolic
changes indicating pathogen infection. R genes constitute
one of the largest gene families in plants and are often clus-
tered together in the genome. The structures of R gene clus-
ters may help generate R gene diversity by promoting
exchange between chromosomes.

Studies of plant disease have revealed complex patterns
of host relationships between plants and pathogen strains.
Plant species are generally susceptible to the attack of certain
pathogen strains, but resistant to others. This specificity is
thought to be determined by interaction between the prod-
ucts of host R genes and pathogen avr (avirulence) genes
believed to encode specific elicitors. According to current
thinking, successful resistance requires the elicitor, a product
of the pathogen avr gene, to be rapidly recognized by a host
plant receptor, the product of an R gene. Despite their name,
avr genes appear to encode factors that promote infection.

Exposure to Elicitors Induces a Signal
Transduction Cascade
Within a few minutes after pathogen elicitors have been
recognized by an R gene, complex signaling pathways are
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set in motion that lead eventually to defense responses (see
Figure 13.25). A common early element of these cascades is
a transient change in the ion permeability of the plasma
membrane. R gene activation stimulates an influx of Ca2+ and
H+ ions into the cell and an efflux of K+ and Cl– ions (Nürn-
berger and Scheel 2001). The influx of Ca2+ activates the
oxidative burst that may act directly in defense (as already
described), as well as signaling other defense reactions. Other
components of pathogen-stimulated signal transduction
pathways include nitric oxide, mitogen-activated protein
(MAP) kinases, calcium-dependent protein kinases, jasmonic
acid, and salicylic acid (see the next section).

A Single Encounter with a Pathogen May Increase
Resistance to Future Attacks
When a plant survives the infection of a pathogen at one
site, it often develops increased resistance to subsequent
attacks at sites throughout the plant and enjoys protection
against a wide range of pathogen species. This phenome-
non, called systemic acquired resistance (SAR), develops
over a period of several days following initial infection
(Ryals et al. 1996). Systemic acquired resistance appears to
result from increased levels of certain defense compounds
that we have already mentioned, including chitinases and
other hydrolytic enzymes.

Although the mechanism of SAR induction is still
unknown, one of the endogenous signals is likely to be sal-
icylic acid. The level of this benzoic acid derivative, a

compound rises dramatically in the zone of
infection after initial attack, and it is thought to establish
SAR in other parts of the plant, although salicylic acid itself
is not the mobile signal (Figure 13.27).

In addition to salicylic acid, recent studies suggest that
its methyl ester, methyl salicylate, acts as a volatile SAR-
inducing signal transmitted to distant parts of the plant
and even to neighboring plants (Shulaev et al. 1997). Thus,
even though plants lack immune systems like those present
in many animals, they have developed elaborate mecha-
nisms to protect themselves from disease-causing microbes.

SUMMARY
Plants produce an enormous diversity of substances that
have no apparent roles in growth and development
processes and so are classified under the heading of sec-
ondary metabolites. Scientists have long speculated that
these compounds protect plants from predators and
pathogens on the basis of their toxicity and repellency to
herbivores and microbes when tested in vitro. Recent
experiments on plants whose secondary-metabolite expres-
sion has been altered by modern molecular methods have
begun to confirm these defensive roles.

There are three major groups of secondary metabolites:
terpenes, phenolics, and nitrogen-containing compounds.
Terpenes, composed of five-carbon isoprene units, are tox-
ins and feeding deterrents to many herbivores. 

Phenolics, which are synthesized primarily from prod-
ucts of the shikimic acid pathway, have several important
roles in plants. Lignin mechanically strengthens cell walls.
Flavonoid pigments function as shields against harmful
ultraviolet radiation and as attractants for pollinators and
fruit dispersers. Finally, lignin, flavonoids, and other phe-
nolic compounds serve as defenses against herbivores and
pathogens. 

Members of the third major group, nitrogen-containing
secondary metabolites, are synthesized principally from
common amino acids. Compounds such as alkaloids,
cyanogenic glycosides, glucosinolates, nonprotein amino
acids, and proteinase inhibitors protect plants from a vari-
ety of herbivorous animals.

Plants have evolved multiple defense mechanisms
against microbial pathogens. Besides antimicrobial sec-
ondary metabolites, some of which are preformed and
some of which are induced by infection, other modes of
defense include the construction of polymeric barriers to
pathogen penetration and the synthesis of enzymes that
degrade pathogen cell walls. In addition, plants employ
specific recognition and signaling systems enabling the
rapid detection of pathogen invasion and initiation of a
vigorous defensive response. Once infected, some plants
also develop an immunity to subsequent microbial attacks.
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For millions of years, plants have produced defenses
against herbivory and microbial attack. Well-defended
plants have tended to leave more survivors than poorly
defended plants, so the capacity to produce effective defen-
sive products has become widely established in the plant
kingdom. In response, many species of herbivores and
microbes have evolved the ability to feed on or infect plants
containing secondary products without being adversely
affected, and this herbivore and pathogen pressure has in
turn selected for new defensive products in plants.

The study of plant secondary metabolites has many
practical applications. By virtue of their biological activi-
ties against herbivorous animals and microbes, many of
these substances are employed commercially as insecti-
cides, fungicides, and pharmaceuticals, while others find
uses as fragrances, flavorings, medicinal drugs, and indus-
trial materials. The breeding of increased levels of sec-
ondary metabolites into crop plants has made it possible to
reduce the need for certain costly and potentially harmful
pesticides. In some cases, however, it has been necessary to
reduce the levels of naturally occurring secondary metabo-
lites to minimize toxicity to humans and domestic animals.

Web Material

Web Topics
13.1 Structure of Various Triterpenes

The structures of several triterpenes are given.

13.2 The Shikimic Acid Pathway

The biochemical pathway for the synthesis of
aromatic amino acids, the precursors of pheno-
lic compounds, is presented.

13.3 Detailed Chemical Structure of a Portion of a
Lignin Molecule

The partial structure of a hypothetical lignin
molecule from European beech (Fagus sylvat-
ica) is described.

Web Essays
13.1 Unraveling the Function of Secondary 

Metabolites

Wild tobacco plants use alkaloids and terpenes
to defend themselves against herbivores.

13.2 Alkaloid-Making Fungal Symbionts

Fungal endophytes can enhance plant growth,
increase resistance to various stresses, and act
as “defensive mutualists” against herbivores.
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1

PLANT BIOLOGISTS MAY BE FORGIVEN for taking abiding sat-
isfaction in the fact that Mendel’s classic studies on the role of her-
itable factors in development were carried out on a flowering plant:
the garden pea. The heritable factors that Mendel discovered, which
control such characters as flower color, flower position, pod shape,
stem length, seed color, and seed shape, came to be called genes.
Genes are the DNA sequences that encode the RNA molecules
directly involved in making the enzymes and structural proteins of
the cell. Genes are arranged linearly on chromosomes, which form
linkage groups—that is, genes that are inherited together. The total
amount of DNA or genetic information contained in a cell, nucleus,
or organelle is termed its genome.

Since Mendel’s pioneering discoveries in his garden, the princi-
ple has become firmly established that the growth, development,
and environmental responses of even the simplest microorganism
are determined by the programmed expression of its genes. Among
multicellular organisms, turning genes on (gene expression) or off
alters a cell’s complement of enzymes and structural proteins,
allowing cells to differentiate. In the chapters that follow, we will
discuss various aspects of plant development in relation to the reg-
ulation of gene expression. 

Various internal signals are required for coordinating the expres-
sion of genes during development and for enabling the plant to
respond to environmental signals. Such internal (as well as external)
signaling agents typically bring about their effects by means of
sequences of biochemical reactions, called signal transduction path-
ways, that greatly amplify the original signal and ultimately result
in the activation or repression of genes. 

Much progress has been made in the study of signal transduction
pathways in plants in recent years. However, before describing what
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is known about these pathways in plants, we will provide
background information on gene expression and signal
transduction in other organisms, such as bacteria, yeasts,
and animals, making reference to plant systems wherever
appropriate. These models will provide the framework
for the recent advances in the study of plant development
that are discussed in subsequent chapters.

Genome Size, Organization, and
Complexity
As might be expected, the size of the genome bears some
relation to the complexity of the organism. For example,
the genome size of E. coli is 4.7 × 106 bp (base pairs), that
of the fruit fly is 2 × 108 bp per haploid cell, and that of a
human is 3 × 109 bp per haploid cell. However, genome
size in eukaryotes is an unreliable indicator of complex-
ity because not all of the DNA encodes genes. 

In prokaryotes, nearly all of the DNA consists of
unique sequences that encode proteins or functional
RNA molecules. In addition to unique sequences, how-
ever, eukaryotic chromosomes contain large amounts of
noncoding DNA whose main functions appear to be
chromosome organization and structure. Much of this
noncoding DNA consists of multicopy sequences, called
repetitive DNA. The remainder of the noncoding DNA
is made up of single-copy sequences called spacer DNA.
Together, repetitive and spacer DNA can make up the
majority of the total genome in some eukaryotes. For
example, in humans only about 5% of the total DNA
consists of genes, the unique sequences that encode for
RNA and protein synthesis. 

The genome size in plants is more variable than in
any other group of eukaryotes. In angiosperms, the hap-
loid genome ranges from about 1.5 × 108 bp for Ara-
bidopsis thaliana (smaller than that of the fruit fly) to 1 ×
1011 bp for the monocot Trillium, which is considerably
larger than the human genome. Even closely related
beans of the genus Vicia exhibit genomic DNA contents
that vary over a 20-fold range. Why are plant genomes
so variable in size? 

Studies of plant molecular biology have shown that
most of the DNA in plants with large genomes is repet-
itive DNA. Arabidopsis has the smallest genome of any
plant because only 10% of its nuclear DNA is repetitive
DNA. The genome size of rice is estimated to be about
five times that of Arabidopsis, yet the total amount of
unique sequence DNA in the rice genome is about the
same as in Arabidopsis. Thus the difference in genome
size between Arabidopsis and rice is due mainly to repet-
itive and spacer DNA. 

Most Plant Haploid Genomes Contain 20,000 to
30,000 Genes
Until recently, the total number of genes in an organ-
ism’s genome was difficult to assess. Thanks to recent

advances in many genomic sequencing projects, such
numbers are now becoming available, although precise
values are still lacking. According to Miklos and Rubin
(1996), the number of genes in bacteria varies from 500
to 8,000 and overlaps with the number of genes in many
simple unicellular eukaryotes. For example, the yeast
genome appears to contain about 6,000 genes. More
complex eukaryotes, such as protozoans, worms, and
flies, all seem to have gene numbers in the range of
12,000 to 14,000. The Drosophila (fruit fly) genome con-
tains about 12,000 genes. Thus, the current view is that
it takes roughly 12,000 basic types of genes to form a
eukaryotic organism, although values as high as 43,000
genes are common, as a result of multiple copies of cer-
tain genes, or multigene families. 

The best-studied plant genome is that of Arabidop-
sis thaliana. Chris Somerville and his colleagues at Stan-
ford University have estimated that the Arabidopsis
genome contains roughly 20,000 genes (Rounsley et al.
1996). This estimate is based on more than one
approach. For example, since large regions of the
genome have been sequenced, we know there is one
gene for every 5 kb (kilobases) of DNA. Since the entire
genome contains about 100,000 kb, there must be about
20,000 genes. However, 6% of the genome encodes
ribosomal RNA, and another 2% consists of highly
repetitive sequences, so the number could be lower.
Similar values likely will be found for the genomes of
other plants as well. The current consensus is that the
genomes of most plants will be found to contain from
20,000 to 30,000 genes. 

Some of these genes encode proteins that perform
housekeeping functions, basic cellular processes that go
on in all the different kinds of cells. Such genes are per-
manently turned on; that is, they are constitutively
expressed. Other genes are highly regulated, being
turned on or off at specific stages of development or in
response to specific environmental stimuli. 

Prokaryotic Gene Expression 
The first step in gene expression is transcription, the
synthesis of an mRNA copy of the DNA template that
encodes a protein (Alberts et al. 1994; Lodish et al. 1995).
Transcription is followed by translation, the synthesis
of the protein on the ribosome. Developmental studies
have shown that each plant organ contains large num-
bers of organ-specific mRNAs. Transcription is con-
trolled by proteins that bind DNA, and these DNA-
binding proteins are themselves subject to various types
of regulation. 

Much of our understanding of the basic elements of
transcription is derived from early work on bacterial
systems; hence we precede our discussion of eukaryotic
gene expression with a brief overview of transcriptional
regulation in prokaryotes. However, it is now clear that
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gene regulation in eukaryotes is far more complex than
in prokaryotes. The added complexity of gene expres-
sion in eukaryotes is what allows cells and tissues to dif-
ferentiate and makes possible the diverse life cycles of
plants and animals.

DNA-Binding Proteins Regulate Transcription in
Prokaryotes
In prokaryotes, genes are arranged in operons, sets of
contiguous genes that include structural genes and reg-
ulatory sequences. A famous example is the E. coli lac-
tose (lac) operon, which was first described in 1961 by
François Jacob and Jacques Monod of the Pasteur Insti-
tute in Paris. The lac operon is an example of an
inducible operon—that is, one in which a key metabolic
intermediate induces the transcription of the genes.

The lac operon is responsible for the production of
three proteins involved in utilization of the disaccharide
lactose. This operon consists of three structural genes
and three regulatory sequences. The structural genes (z,
y, and a) code for the sequence of amino acids in three
proteins: β-galactosidase, the enzyme that catalyzes the
hydrolysis of lactose to glucose and galactose; perme-
ase, a carrier protein for the membrane transport of lac-
tose into the cell; and transacetylase, the significance of
which is unknown.

The three regulatory sequences (i, p, and o) control
the transcription of mRNA for the synthesis of these
proteins (Figure 14.1). Gene i is responsible for the syn-
thesis of a repressor protein that recognizes and binds
to a specific nucleotide sequence, the operator. The
operator, o, is located downstream (i.e., on the 3′ side) of
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Figure 14.1 The lac operon of E. coli uses negative control. (A) The regulatory gene i,
located upstream of the operon, is transcribed to produce an mRNA that encodes a
repressor protein. The repressor protein binds to the operator gene o. The operator is a
short stretch of DNA located between the promoter sequence p (the site of RNA poly-
merase attachment to the DNA) and the three structural genes, z, y, and a. Upon binding
to the operator, the repressor prevents RNA polymerase from binding to the transcription
initiation site. (B) When lactose (inducer) is added to the medium and is taken up by the
cell, it binds to the repressor and inactivates it. The inactivated repressor is unable to bind
to o, and transcription and translation can proceed. The mRNA produced is termed “poly-
cistronic” because it encodes multiple genes. Note that translation begins while transcrip-
tion is still in progress. 
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the promoter sequence, p, where RNA polymerase
attaches to the operon to initiate transcription, and
immediately upstream (i.e., on the 5′ side) of the tran-
scription start site, where transcription begins. (The ini-
tiation site is considered to be at the 5′ end of the gene,
even though the RNA polymerase transcribes from the
3′ end to the 5′ end along the opposite strand. This con-
vention was adopted so that the sequence of the mRNA
would match the DNA sequence of the gene.)

In the absence of lactose, the lactose repressor forms a
tight complex with the operator sequence and blocks the
interaction of RNA polymerase with the transcription start
site, effectively preventing transcription (see Figure 14.1A).
When present, lactose binds to the repressor, causing it to
undergo a conformational change (see Figure 14.1B). The
lac repressor is thus an allosteric protein whose confor-
mation is determined by the presence or absence of an
effector molecule, in this case lactose. As a result of the
conformational change due to binding lactose, the lac
repressor detaches from the operator. When the operator
sequence is unobstructed, the RNA polymerase can move
along the DNA, synthesizing a continuous mRNA. The
translation of this mRNA yields the three proteins, and
lactose is said to induce their synthesis.

The lac repressor is an example of negative control,
since the repressor blocks transcription upon binding to

the operator region of the operon. The lac operon is also
regulated by positive control, which was discovered in
connection with a phenomenon called the glucose effect.
If glucose is added to a nutrient medium that includes
lactose, the E. coli cells metabolize the glucose and ignore
the lactose. Glucose suppresses expression of the lac
operon and prevents synthesis of the enzymes needed to
degrade lactose. Glucose exerts this effect by lowering
the cellular concentration of cyclic AMP (cAMP). When
glucose levels are low, cAMP levels are high. Cyclic AMP
binds to an activator protein, the catabolite activator pro-
tein (CAP), which recognizes and binds to a specific
nucleotide sequence immediately upstream of the lac
operator and promoter sites (Figure 14.2).

In contrast to the behavior of the lactose repressor pro-
tein, when the CAP is complexed with its effector, cAMP,
its affinity for its DNA-binding site is dramatically
increased (hence the reference to positive control). The
ternary complex formed by CAP, cAMP, and the lactose
operon DNA sequences induces bending of the DNA,
which activates transcription of the lactose operon struc-
tural genes by increasing the affinity of RNA polymerase
for the neighboring promoter site. Bacteria synthesize
cyclic AMP when they exhaust the glucose in their
growth medium. The lactose operon genes are thus under
opposing regulation by the absence of glucose (high lev-
els of cyclic AMP) and the presence of lactose, since glu-
cose is a catabolite of lactose.

In bacteria, metabolites can also serve as corepressors,
activating a repressor protein that blocks transcription.
Repression of enzyme synthesis is often involved in the
regulation of biosynthetic pathways in which one or
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Figure 14.2 Stimulation of transcription by the catabolite
activator protein (CAP) and cyclic AMP (cAMP). CAP has no
effect on transcription until cAMP binds to it. (A) The CAP–
cAMP complex binds to a specific DNA sequence near the
promoter region of the lac operon. (B) Binding of the CAP–
cAMP complex makes the promoter region more accessible to
RNA polymerase, and transcription rates are enhanced. 



more enzymes are synthesized only if the end product
of the pathway—an amino acid, for example—is not
available. In such a case the amino acid acts as a core-
pressor: It complexes with the repressor protein, and
this complex attaches to the operator DNA, preventing
transcription. The tryptophan (trp) operon in E. coli is an
example of an operon that works by corepression (Fig-
ure 14.3).

Eukaryotic Gene Expression
The study of bacterial gene expression has provided
models that can be tested in eukaryotes. However, the
details of the process are quite different and more com-
plex in eukaryotes. In prokaryotes, translation is cou-
pled to transcription: As the mRNA transcripts elongate,
they bind to ribosomes and begin synthesizing proteins
(translation). In eukaryotes, however, the nuclear enve-

lope separates the genome from the translational
machinery. The transcripts must first be transported to
the cytoplasm, adding another level of control. 

Eukaryotic Nuclear Transcripts Require Extensive
Processing
Eukaryotes differ from prokaryotes also in the organi-
zation of their genomes. In most eukaryotic organisms,
each gene encodes a single polypeptide. The eukaryotic
nuclear genome contains no operons, with one notable
exception.* Furthermore, eukaryotic genes are divided
into coding regions called exons and noncoding regions
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Figure 14.3 The tryptophan (trp) operon of E. coli. Tryptophan (Trp) is the end product
of the pathway catalyzed by tryptophan synthetase and other enzymes. Transcription of
the repressor genes results in the production of a repressor protein. However, the repres-
sor is inactive until it forms a complex with its corepressor, Trp. (A) In the absence of 
Trp, transcription and translation proceed. (B) In the presence of Trp, the activated repres-
sor–corepressor complex blocks transcription by binding to the operator sequence.

* About 25% of the genes in the nematode Caenorhabditis ele-
gans are in operons. The operon pre-mRNAs are processed
into individual mRNAs that encode single polypeptides
(monocistronic mRNAs) by a combination of cleavage,
polyadenylation, and splicing (Kuersten et al. 1997).
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called introns (Figure 14.4). Since the primary tran-
script, or pre-mRNA, contains both exon and intron
sequences, the pre-mRNA must be processed to remove
the introns. 

RNA processing involves multiple steps. The newly
synthesized pre-mRNA is immediately packaged into a
string of small protein-containing particles, called het-
eronuclear ribonucleoprotein particles, or hnRNP par-
ticles. Some of these particles are composed of proteins
and small nuclear RNAs, and are called small nuclear
ribonucleoproteins, or snRNPs (pronounced “snurps”).
Various snRNPs assemble into spliceosome complexes
at exon–intron boundaries of the pre-mRNA and carry
out the splicing reaction. 

In some cases, the primary transcript can be spliced
in different ways, a process called alternative RNA
splicing. For example, an exon that is present in one

version of a processed transcript may be spliced out of
another version. In this way, the same gene can give rise
to different polypeptide chains. Approximately 15% of
human genes are processed by alternative splicing.
Although alternative splicing is rare in plants, it is
involved in the synthesis of rubisco activase, RNA poly-
merase II, and the gene product of a rice homeobox gene
(discussed later in the chapter), as well as other proteins
(Golovkin and Reddy 1996).

Before splicing, the pre-mRNA is modified in two
important ways. First it is capped by the addition of 7-
methylguanylate to the 5′ end of the transcript via a 5′-
to-5′ linkage. The pre-mRNA is capped almost immedi-
ately after the initiation of mRNA synthesis. One of the
functions of the 5′ cap is to protect the growing RNA
transcript from degradation by RNases. At a later stage
in the synthesis of the primary transcript, the 3′ end is
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Transcription
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Figure 14.4 Gene expression in eukaryotes. RNA polymerase II binds to the promoter of
genes that encode proteins. Unlike prokaryotic genes, eukaryotic genes are not clustered
in operons, and each is divided into introns and exons. Transcription from the template
strand proceeds in the 3′-to-5′ direction at the transcription start site, and the growing
RNA chain extends one nucleotide at a time in the 5′-to-3′ direction. Translation begins
with the first AUG encoding methionine, as in prokaryotes, and ends with the stop
codon. The pre-mRNA transcript is first “capped” by the addition of 7-methylguanylate
(m7G) to the 5′ end. The 3′ end is shortened slightly by cleavage at a specific site, and a
poly-A tail is added. The capped and polyadenylated pre-mRNA is then spliced by a
spliceosome complex, and the introns are removed. The mature mRNA exits the nucleus
through the pores and initiates translation on ribosomes in the cytosol. As each ribosome
progresses toward the 3′ end of the mRNA, new ribosomes attach at the 5′ end and begin
translating, leading to the formation of polysomes. 



cleaved at a specific site, and a poly-A tail, usually con-
sisting of about 100 to 200 adenylic acid residues, is
added by the enzyme poly-A polymerase (see Figure
14.4).

The poly-A tail has several functions: (1) It protects
against RNases and therefore increases the stability of
mRNA molecules in the cytoplasm, (2) both it and the 5′
cap are required for transit through the nuclear pore,
and (3) it increases the efficiency of translation on the
ribosomes. The requirement of eukaryotic mRNAs to
have both a 5′ cap and a poly-A tail ensures that only
properly processed transcripts will reach the ribosome
and be translated.

Each step in eukaryotic gene expression can poten-
tially regulate the amount of gene product in the cell at
any given time (Figure 14.5). Like transcription initia-
tion, splicing may be regulated. Export from the nucleus
is also regulated. For example, to exit the nucleus an
mRNA must possess a 5′ cap and a poly-A tail, and it
must be properly spliced. Incompletely processed tran-
scripts remain in the nucleus and are degraded.

Various Posttranscriptional Regulatory
Mechanisms Have Been Identified

The stabilities or turnover rates of mRNA molecules dif-
fer from one another, and may vary from tissue to tis-
sue, depending on the physiological conditions. For
example, in bean (Vicia faba), fungal infection causes the
rapid degradation of the mRNA that encodes the pro-
line-rich protein PvPRP1 of the bean cell wall. Another
example of the regulation of gene expression by RNA
degradation is the regulation of expression of one of the
genes for the small subunit of rubisco in roots of the
aquatic duckweed Lemna gibba. Lemna roots are photo-
synthetic and therefore express genes for the small sub-
unit of rubisco, but the expression of one of the genes
(SSU5B) is much lower in roots than in the fronds
(leaves). Jane Silverthorne and her colleagues at the Uni-
versity of California, Santa Cruz, showed that the low
level of SSU5B in the roots is due to a high rate of
turnover of the SSU5B pre-mRNA in the nucleus (Peters
and Silverthorne 1995).

In addition to RNA turnover, the translatability of
mRNA molecules is variable. For example, RNAs fold
into molecules with varying secondary and tertiary
structures that can influence the accessibility of the
translation initiation codon (the first AUG sequence) to
the ribosome. Another factor that can influence trans-
latability of an mRNA is codon usage. There is redun-
dancy in the triplet codons that specify a given amino
acid during translation, and each cell has a characteris-
tic ratio of the different aminoacylated tRNAs available,
known as codon bias. If a message contains a large
number of triplet codons that are rare for that cell, the
small number of charged tRNAs available for those
codons will slow translation. Finally, the cellular loca-
tion at which translation occurs seems to affect the rate
of gene expression. Free polysomes may translate
mRNAs at very different rates from those at which
polysomes bound to the endoplasmic reticulum do;
even within the endoplasmic reticulum, there may be
differential translation rates.

Although examples of posttranscriptional regulation
have been demonstrated for each of the steps described
above and summarized in Figure 14.5, the expression of
most eukaryotic genes, like their prokaryotic counterparts,
appears to be regulated at the level of transcription. 
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Figure 14.5 Eukaryotic gene expression can be regulated
at multiple levels. (1) genomic regulation, by gene amplifi-
cation, DNA rearrangements, chromatin decondensation or
condensation, or DNA methylation; (2) transcriptional regu-
lation; (3) RNA processing, and RNA turnover in the nucleus
and translocation out of the nucleus; (4) translational con-
trol (including binding to ER in some cases); (5) posttransla-
tional control, including mRNA turnover in the cytosol, and
the folding, assembly, modification, and import of proteins
into organelles. (After Becker et al. 1996.)



Transcription in Eukaryotes Is Modulated 
by cis-Acting Regulatory Sequences

The synthesis of most eukaryotic proteins is regulated
at the level of transcription. However, transcription in
eukaryotes is much more complex than in prokaryotes.
First, there are three different RNA polymerases in
eukaryotes: I, II, and III. RNA polymerase I is located in
the nucleolus and functions in the synthesis of most
ribosomal RNAs. RNA polymerase II, located in the
nucleoplasm, is responsible for pre-mRNA synthesis.
RNA polymerase III, also located in the nucleoplasm,
synthesizes small RNAs, such as tRNA and 5S rRNA. 

A second important difference between transcription
in prokaryotes and in eukaryotes is that the RNA poly-
merases of eukaryotes require additional proteins called
general transcription factors to position them at the cor-
rect start site. While prokaryotic RNA polymerases also
require accessory polypeptides called sigma factors (σ),
these polypeptides are considered to be subunits of the
RNA polymerase. In contrast, eukaryotic general tran-
scription factors make up a large, multisubunit tran-
scription initiation complex. For example, seven gen-
eral transcription factors constitute the initiation
complex of RNA polymerase II, each of which must be
added in a specific order during assembly (Figure 14.6). 

According to one current model, transcription is ini-
tiated when the final transcription factor, TFIIH (tran-
scription factor for RNA polymerase II protein H), joins
the complex and causes phosphorylation of the RNA
polymerase. RNA polymerase II then separates from the
initiation complex and proceeds along the antisense
strand in the 3′-to-5′ direction. While some of the gen-
eral transcription factors dissociate from the complex at
this point, others remain to bind another RNA poly-
merase molecule and initiate another round of tran-
scription. 

A third difference between transcription in prokary-
otes and in eukaryotes is in the complexity of the pro-
moters, the sequences upstream (5′) of the initiation site
that regulate transcription. We can divide the structure
of the eukaryotic promoter into two parts, the core or
minimum promoter, consisting of the minimum up-
stream sequence required for gene expression, and the
additional regulatory sequences, which control the
activity of the core promoter.

Each of the three RNA polymerases has a different
type of promoter. An example of a typical RNA poly-
merase II promoter is shown schematically in Figure
14.7A. The minimum promoter for genes transcribed by
RNA polymerase II typically extends about 100 bp
upstream of the transcription initiation site and includes
several sequence elements referred to as proximal pro-
moter sequences. About 25 to 35 bp upstream of the
transcriptional start site is a short sequence called the
TATA box, consisting of the sequence TATAAA(A). The

TATA box plays a crucial role in transcription because it
serves as the site of assembly of the transcription initia-
tion complex. Approximately 85% of the plant genes
sequenced thus far contain TATA boxes. 

In addition to the TATA box, the minimum promot-
ers of eukaryotes also contain two additional regulatory
sequences: the CAAT box and the GC box (see Figure
14.7A). These two sequences are the sites of binding of
transcription factors, proteins that enhance the rate of
transcription by facilitating the assembly of the initia-
tion complex. The DNA sequences themselves are
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Figure 14.6 Ordered assembly of the general transcription
factors required for transcription by RNA polymerase II. (1)
TFIID, a multisubunit complex, binds to the TATA box via
the TATA-binding protein. (2) TFIIB joins the complex. (3)
TFIIF bound to RNA polymerase II associates with the com-
plex, along with TFIIE and TFIIH. The assembly of proteins is
referred to as the transcription initiation complex. (4) TFIIH,
a protein kinase, phosphorylates the RNA polymerase, some
of the general transcription factors are released, and tran-
scription begins. (From Alberts et al. 1994.)



termed cis-acting sequences, since they are adjacent to
the transcription units they are regulating. The tran-
scription factors that bind to the cis-acting sequences are
called trans-acting factors, since the genes that encode
them are located elsewhere in the genome.

Numerous other cis-acting sequences located farther
upstream of the proximal promoter sequences can exert
either positive or negative control over eukaryotic pro-
moters. These sequences are termed the distal regula-
tory sequences and they are usually located within 1000
bp of the transcription initiation site. As with prokary-
otes, the positively acting transcription factors that bind
to these sites are called activators, while those that
inhibit transcription are called repressors.

As we will see in Chapters 19 and 20, the regulation
of gene expression by the plant hormones and by phyto-
chrome is thought to involve the deactivation of repres-

sor proteins. Cis-acting sequences involved in gene reg-
ulation by hormones and other signaling agents are
called response elements. As will be discussed in Chap-
ters 17 and 19 through 23 (on phytochrome and the
plant hormones), numerous response elements that reg-
ulate gene expression have been identified in plants. 

In addition to having regulatory sequences within the
promoter itself, eukaryotic genes can be regulated by
control elements located tens of thousands of base pairs
away from the start site. Distantly located positive reg-
ulatory sequences are called enhancers. Enhancers may
be located either upstream or downstream from the pro-
moter. In plants, many developmentally important plant
genes have been shown to be regulated by enhancers
(Sundaresan et al. 1995). 

How do all the DNA-binding proteins on the cis-act-
ing sequences regulate transcription? During formation
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Figure 14.7 Organization and regulation of a typical eukaryotic gene. (A) Features of a
typical eukaryotic RNA polymerase II minimum promoter and proteins that regulate gene
expression. RNA polymerase II is situated at the TATA box in association with the general
transcription factors about 25 bp upstream of the transcription start site. Two cis-acting
regulatory sequences that enhance the activity of RNA polymerase II are the CAAT box
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tors bound to distal regulatory sequences can act in concert to activate transcription by
making direct physical contact with the transcription initiation complex. The details of
this process are not well understood. (A after Alberts et al. 1994; B from Alberts et al
1994.)



of the initiation complex, the DNA between the core
promoter and the most distally located control elements
loops out in such a way as to allow all of the transcrip-
tion factors bound to that segment of DNA to make
physical contact with the initiation complex (see Figure
14.7B). Through this physical contact the transcription
factor exerts its control, either positive or negative, over
transcription. Given the large number of control ele-
ments that can modify the activity of a single promoter,
the possibilities for differential gene regulation in
eukaryotes are nearly infinite. 

Transcription Factors Contain Specific 
Structural Motifs
Transcription factors generally have three structural fea-
tures: a DNA-binding domain, a transcription-activat-
ing domain, and a ligand-binding domain. To bind to
a specific sequence of DNA, the DNA-binding domain
must have extensive interactions with the double helix
through the formation of hydrogen, ionic, and hydro-

phobic bonds. Although the particular combination and
spatial distribution of such interactions are unique for
each sequence, analyses of many DNA-binding proteins
have led to the identification of a small number of
highly conserved DNA-binding structural motifs, which
are summarized in Table 14.1.

Most of the transcription factors characterized thus
far in plants belong to the basic zipper (bZIP) class of
DNA-binding proteins. DNA-binding proteins contain-
ing the zinc finger domain are relatively rare in plants. 

Homeodomain Proteins Are a Special Class of
Helix-Turn-Helix Proteins
The term “homeodomain protein” is derived from a
group of Drosophila (fruit fly) genes called selector genes
or homeotic genes. Drosophila homeotic genes encode
transcription factors that determine which structures
develop at specific locations on the fly’s body; that is,
they act as major developmental switches that activate
a large number of genes that constitute the entire genetic

CHAPTER 1410

Table 14.1 
DNA-Binding Motifs

Name Examples of proteins Key structural features Illustration

Helix-turn-helix Transcription factors that  Two α helices separated  
regulate genes in antho- by a turn in the polypep-
cyanin biosynthesis tide chain; function as 
pathway dimers

Zinc finger COP1 in Arabidopsis Various structures in which  
zinc plays an important  
structural role; bind to DNA  
either as monomers or as 
dimers

Helix-loop-helix GT element–binding protein A short α helix connected 
of phytochrome-regulated by a loop to a longer α helix; 
genes function as dimers

Leucine zipper Fos and Jun An α helix of about 35 amino 
acids containing leucine   
at every seventh position;
dimerization occurs along
the hydrophobic surface

Basic zipper Opaque 2 protein in maize, Variation of the leucine zipper
(bZip) G box factors of phyto- motif in which other hydro-

chrome-regulated genes,  phobic amino acids substitute
transcription factors that for leucine and the DNA-
bind ABA response binding domain contains
elements amino acids
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program for a particular structure. Mutations in
homeotic genes cause homeosis, the transformation of
one body part into another. For example, a homeotic
mutation in the ANTENNAPEDIA gene causes a leg to
form in place of an antenna. When the sequences of var-
ious homeotic genes in Drosophila were compared, the
proteins were all found to contain a highly conserved
stretch of 60 amino acids called the homeobox. 

Homologous homeobox sequences have now been
identified in developmentally important genes of verte-
brates and plants. As will be discussed in Chapter 16,
the KN1 (KNOTTED) gene of maize encodes a home-
odomain protein that can affect cell fate during devel-
opment. Maize plants with the kn1 mutation exhibit
abnormal cell divisions in the vascular tissues, giving
rise to the “knotted” appearance of the leaf surface.
However, the kn1 mutation is not a homeotic mutation,
since it does not involve the substitution of one entire
structure for another. Rather, the plant homeodomain
protein, KN1, is involved in the regulation of cell divi-
sion. Thus, not all genes that encode homeodomain pro-
teins are homeotic genes, and vice versa. As will be dis-
cussed in Chapter 24, four of the floral homeotic genes
in plants encode proteins with the DNA-binding helix-
turn-helix motif called the MADS domain. 

Eukaryotic Genes Can Be Coordinately Regulated
Although eukaryotic nuclear genes are not arranged
into operons, they are often coordinately regulated in
the cell. For example, in yeast, many of the enzymes
involved in galactose metabolism and transport are
inducible and coregulated, even though the genes are
located on different chromosomes. Incubation of wild-
type yeast cells in galactose-containing media results in
more than a thousandfold increase in the mRNA levels
for all of these enzymes.

The six yeast genes that encode the enzymes in the
galactose metabolism pathway are under both positive
and negative control (Figure 14.8). Most yeast genes are
regulated by a single proximal control element called an
upstream activating sequence (UAS). The GAL4 gene
encodes a transcription factor that binds to UAS ele-
ments located about 200 bp upstream of the transcrip-
tion start sites of all six genes. The UAS of each of the six
genes, while not identical, consists of one or more copies
of a similar 17 bp repeated sequence. The GAL4 protein
can bind to each of them and activate transcription. In
this way a single transcription factor can control the expres-
sion of many genes. 

Protein–protein interactions can modify the effects of
DNA-binding transcription factors. Another gene on a
different yeast chromosome, GAL80, encodes a negative
transcription regulator that forms a complex with the
GAL4 protein when it is bound to the UAS. When the
GAL80 protein is complexed with GAL4, transcription is
blocked. In the presence of galactose, however, the meta-

bolite formed by the enzyme that is encoded by the GAL3
gene acts as an inducer by causing the dissociation of
GAL80 from GAL4 (Johnston 1987; Mortimer et al. 1989). 

There are many other examples of coordinate regu-
lation of genes in eukaryotes. In plants, the develop-
mental effects induced by light and hormones (see
Chapters 17 through 23), as well as the adaptive
responses caused by various types of stress (see Chap-
ter 25), involve the coordinate regulation of groups of
genes that share a common response element upstream
of the promoter. In addition, genes that act as major
developmental switches, such as the homeotic genes,
encode transcription factors that bind to a common reg-
ulatory sequence that is present on dozens, or even hun-
dreds, of genes scattered throughout the genome (see
Chapters 16 and 24). 

The Ubiquitin Pathway Regulates Protein Turnover 
An enzyme molecule, once synthesized, has a finite life-
time in the cell, ranging from a few minutes to several
hours. Hence, steady-state levels of cellular enzymes are
attained as the result of an equilibrium between enzyme
synthesis and enzyme degradation, or turnover. Protein
turnover plays an important role in development. In eti-
olated seedlings, for example, the red-light photorecep-
tor, phytochrome, is regulated by proteolysis. The phy-
tochrome synthesized in the dark is highly stable and
accumulates in the cells to high concentrations. Upon
exposure to red light, however, the phytochrome is con-
verted to its active form and simultaneously becomes
highly susceptible to degradation by proteases (see
Chapter 17). 

In animal cells there are two distinct pathways of pro-
tein turnover, one in specialized digestive vacuoles
called lysosomes and the other in the cytosol. Proteins
destined to be digested in lysosomes appear to be
specifically targeted to these organelles. Upon entering
the lysosomes, the proteins are rapidly degraded by
lysosomal proteases. Lysosomes are also capable of
engulfing and digesting entire organelles by an auto-
phagic process. The central vacuole of plant cells is rich
in proteases and is the plant equivalent of lysosomes,
but as yet there is no clear evidence that plant vacuoles
either engulf organelles or participate in the turnover of
cytosolic proteins, except during senescence. 

The nonlysosomal pathway of protein turnover
involves the ATP-dependent formation of a covalent
bond to a small, 76-amino-acid polypeptide called ubiq-
uitin. Ubiquitination of an enzyme molecule apparently
marks it for destruction by a large ATP-dependent pro-
teolytic complex (26S proteasome) that specifically rec-
ognizes the “tagged” molecule (Coux et al. 1996). More
than 90% of the short-lived proteins in eukaryotic cells
are degraded via the ubiquitin pathway (Lam 1997). The
ubiquitin pathway regulates cytosolic protein turnover
in plant cells as well (Shanklin et al. 1987). 
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Before it can take part in protein tagging, free ubiq-
uitin must be activated (Figure 14.9). The enzyme E1 cat-
alyzes the ATP-dependent adenylylation of the C ter-
minus of ubiquitin. The adenylylated ubiquitin is then
transferred to a second enzyme, called E2. Proteins des-
tined for ubiquitination form complexes with a third
protein, E3. Finally, the E2–ubiquitin conjugate is used
to transfer ubiquitin to the lysine residues of proteins
bound to E3. This process can occur multiple times to
form a polymer of ubiquitin. The ubiquitinated protein
is then targeted to the proteasome for degradation. As
we shall see in Chapter 19, recent evidence suggests that
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Figure 14.9 Diagram of the ubiquitin (U) pathway of pro-
tein degradation in the cytosol. ATP is required for the ini-
tial activation of E1. E1 tranfers ubiquitin to E2. E3 medi-
ates the final transfer of ubiquitin to a target protein,
which may be ubiquinated multiple times. The ubiquinated
target protein is then degraded by the 26S proteasome.
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Figure 14.8 Model for eukaryotic gene induction: the
galactose metabolism pathway of the yeast Saccharomyces
cerevisiae. Several enzymes involved in galactose transport
and metabolism are induced by a metabolite of galactose.
The genes GAL7, GAL10, GAL1, and MEL1 are located on
chromosome II; GAL2 is on chromosome XII; GAL3 is on
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regulatory proteins, respectively. The GAL4 protein binds to
an upstream activating sequence located upstream of each
of the genes in the pathway, indicated by the hatched
lines. The GAL80 protein forms an inhibitory complex with
the GAL4 protein. In the presence of galactose, the
metabolite formed by the GAL3 gene product diffuses to
the nucleus and stimulates transcription by causing dissoci-
ation of the GAL80 protein from the complex. (After
Darnell et al. 1990.) 



the regulation of gene expression by the phytohormone,
auxin, may be mediated in part by the activation of the
ubiquitin pathway.

Signal Transduction in Prokaryotes
Prokaryotic cells could not have survived billions of
years of evolution without an exquisitely developed
ability to sense their environment. As we have seen, bac-
teria respond to the presence of a nutrient by synthesiz-
ing the proteins involved in the uptake and metabolism
of that nutrient. Bacteria can also respond to nonnutri-
ent signals, both physical and chemical. Motile bacteria
can adjust their movements according to the prevailing
gradients of light, oxygen, osmolarity, temperature, and
toxic chemicals in the medium. 

The basic mechanisms that enable bacteria to sense
and to respond to their environment are common to all
cell sensory systems, and include stimulus detection, sig-
nal amplification, and the appropriate output responses.
Many bacterial signaling pathways have been shown to
consist of modular units called transmitters and receivers.
These modules form the basis of the so-called two-com-
ponent regulatory systems. 

Bacteria Employ Two-Component Regulatory
Systems to Sense Extracellular Signals
Bacteria sense chemicals in the environment by means
of a small family of cell surface receptors, each involved
in the response to a defined group of chemicals (here-
after referred to as ligands). A protein in the plasma
membrane of bacteria binds directly to a ligand, or
binds to a soluble protein that has already attached to
the ligand, in the periplasmic space between the plasma
membrane and the cell wall. Upon binding, the mem-
brane protein undergoes a conformational change that
is propagated across the membrane to the cytosolic
domain of the receptor protein. This conformational
change initiates the signaling pathway that leads to the
response. 

A broad spectrum of responses in bacteria, including
osmoregulation, chemotaxis, and sporulation, are regu-
lated by two-component systems. Two-component reg-
ulatory systems are composed of a sensor protein and
a response regulator protein (Figure 14.10) (Parkinson
1993). The function of the sensor is to receive the signal
and to pass the signal on to the response regulator,
which brings about the cellular response, typically gene
expression. Sensor proteins have two domains, an input
domain, which receives the environmental signal, and
a transmitter domain, which transmits the signal to the
response regulator. The response regulator also has two
domains, a receiver domain, which receives the signal
from the transmitter domain of the sensor protein, and
an output domain, such as a DNA-binding domain,
which brings about the response. 

The signal is passed from transmitter domain to re-
ceiver domain via protein phosphorylation. Transmitter
domains have the ability to phosphorylate themselves,
using ATP, on a specific histidine residue near the amino
terminus (Figure 14.11A). For this reason, sensor proteins
containing transmitter domains are called autophos-
phorylating histidine kinases. These proteins normally
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function as dimers in which the catalytic site of one sub-
unit phosphorylates the acceptor site on the other. 

Immediately after the transmitter domain becomes
autophosphorylated on a histidine residue, the phos-
phate is transferred to a specific aspartate residue near
the middle of the receiver domain of the response regu-
lator protein (see Figure 14.11A). As a result, a specific
aspartate residue of the response regulator becomes
phosphorylated (Figure 14.11B). Phosphorylation of the
aspartate residue causes the response regulator to
undergo a conformational change that results in its acti-
vation. 

Osmolarity Is Detected by a Two-Component
System
An example of a relatively simple bacterial two-compo-
nent system is the signaling system involved in sensing
osmolarity in E. coli. E. coli is a Gram-negative bacterium
and thus has two cell membranes, an inner membrane
and an outer membrane, separated by a cell wall. The
inner membrane is the primary permeability barrier of
the cell. The outer membrane contains large pores com-
posed of two types of porin proteins, OmpF and OmpC.
Pores made with OmpF are larger than those made with
OmpC. 

When E. coli is subjected to high osmolarity in the
medium, it synthesizes more OmpC than OmpF, result-
ing in smaller pores on the outer membrane. These
smaller pores filter out the solutes from the periplasmic
space, shielding the inner membrane from the effects of
the high solute concentration in the external medium.
When the bacterium is placed in a medium with low
osmolarity, more OmpF is synthesized, and the average
pore size increases. 

As Figure 14.12 shows, expression of the genes that
encode the two porin proteins is regulated by a two-
component system. The sensor protein, EnvZ, is located
on the inner membrane. It consists of an N-terminal
periplasmic input domain that detects the osmolarity
changes in the medium, flanked by two membrane-
spanning segments, and a C-terminal cytoplasmic trans-
mitter domain. 

When the osmolarity of the medium increases, the
input domain undergoes a conformational change that
is transduced across the membrane to the transmitter
domain. The transmitter then autophosphorylates its
histidine residue. The phosphate is rapidly transferred
to an aspartate residue of the receiver domain of the
response regulator, OmpR. The N terminus of OmpR
consists of a DNA-binding domain. When activated by
phosphorylation, this domain interacts with RNA poly-
merase at the promoters of the porin genes, enhancing
the expression of ompC and repressing the expression of
ompF. Under conditions of low osmolarity in the
medium, the nonphosphorylated form of OmpR stimu-

lates ompF expression and represses ompC expression. In
this way the osmolarity stimulus is communicated to
the genes. 

Related Two-Component Systems Have Been
Identified in Eukaryotes
Recently, combination sensor–response regulator pro-
teins related to the bacterial two-component systems
have been discovered in yeast and in plants. For exam-
ple, The SLN1 gene of the yeast Saccharomyces cerevisiae
encodes a 134-kilodalton protein that has sequence sim-
ilarities to both the transmitter and the receiver domains
of bacteria and appears to function in osmoregulation
(Ota and Varshavsky 1993). 

There is increasing evidence that several plant sig-
naling systems evolved from bacterial two-component
systems. For example, the red/far-red–absorbing pig-
ment, phytochrome, has now been demonstrated in
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cyanobacteria, and it appears to be related to bacterial
sensor proteins (see Chapter 17). In addition, the genes
that encode putative receptors for two plant hormones,
cytokinin and ethylene, both contain autophosphory-
lating histidine kinase domains, as well as contiguous
response regulator motifs. These proteins will be dis-
cussed further in Chapters 21 and 22. 

Signal Transduction in Eukaryotes
Many eukaryotic microorganisms use chemical signals
in cell–cell communication. For example, in the slime
mold Dictyostelium, starvation induces certain cells to
secrete cyclic AMP (cAMP). The secreted cAMP diffuses
across the substrate and induces nearby cells to aggre-
gate into a sluglike colony. Yeast mating-type factors are
another example of chemical communication between
the cells of simple microorganisms. Around a billion
years ago, however, cell signaling took a great leap in
complexity when eukaryotic cells began to associate
together as multicellular organisms. After the evolution
of multicellularity came a trend toward ever-increasing
cell specialization, as well as the development of tissues
and organs to perform specific functions. 

Coordination of the development and environmental
responses of complex multicellular organisms required
an array of signaling mechanisms. Two main systems
evolved in animals: the nervous system and the endo-
crine system. Plants, lacking motility, never developed a
nervous system, but they did evolve hormones as chem-
ical messengers. As photosynthesizing organisms, plants
also evolved mechanisms for adapting their growth and
development to the amount and quality of light.

In the sections that follow we will explore some of the
basic mechanisms of signal transduction in animals,
emphasizing pathways that may have some parallel in
plants. However, keep in mind that plant signal trans-
duction pathways may differ in significant ways from
those of animals. To illustrate this point, we end the
chapter with an overview of some of the known plant-
specific transmembrane receptors.

Two Classes of Signals Define Two Classes of
Receptors
Hormones fall into two classes based on their ability to
move across the plasma membrane: lipophilic hormones,
which diffuse readily across the hydrophobic bilayer of
the plasma membrane; and water-soluble hormones,
which are unable to enter the cell. Lipophilic hormones
bind mainly to receptors in the cytoplasm or nucleus;
water-soluble hormones bind to receptors located on the
cell surface. In either case, ligand binding alters the
receptor, typically by causing a conformational change. 

Some receptors, such as the steroid hormone recep-
tors (see the next section), can regulate gene expression

directly. In the vast majority of cases, however, the
receptor initiates one or more sequences of biochemical
reactions that connect the stimulus to a cellular
response. Such a sequence of reactions is called a signal
transduction pathway. Typically, the end result of sig-
nal transduction pathways is to regulate transcription
factors, which in turn regulate gene expression. 

Signal transduction pathways often involve the gen-
eration of second messengers, transient secondary sig-
nals inside the cell that greatly amplify the original sig-
nal. For example, a single hormone molecule might lead
to the activation of an enzyme that produces hundreds
of molecules of a second messenger. Among the most
common second messengers are 3′,5′-cyclic AMP
(cAMP); 3′,5′-cyclic GMP (cGMP); nitric oxide (NO);
cyclic ADP-ribose (cADPR); 1,2-diacylglycerol (DAG);
inositol 1,4,5-trisphosphate (IP3); and Ca2+ (Figure 14.13).
Hormone binding normally causes elevated levels of
one or more of these second messengers, resulting in the
activation or inactivation of enzymes or regulatory pro-
teins. Protein kinases and phosphatases are nearly
always involved. 

Most Steroid Receptors Act as Transcription
Factors 
The steroid hormones, thyroid hormones, retinoids, and
vitamin D all pass freely across the plasma membrane
because of their hydrophobic nature and they bind to
intracellular receptor proteins. When activated by bind-
ing to their ligand, these proteins function as transcrip-
tion factors. All such steroid receptor proteins have sim-
ilar DNA-binding domains. Steroid response elements
are typically located in enhancer regions of steroid-stim-
ulated genes. Most steroid receptors are localized in the
nucleus, where they are anchored to nuclear proteins in
an inactive form. 

When the receptor binds to the steroid, it is released
from the anchor protein and becomes activated as a
transcription factor. The activated transcription factor
then binds to the enhancer and stimulates transcription.
The receptor for thyroid hormone deviates from this
pattern in that it is already bound to the DNA but is
unable to stimulate transcription in the absence of the
hormone. Binding to the hormone converts the receptor
to an active transcription factor. 

Not all intracellular steroid receptors are localized in
the nucleus. The receptor for glucocorticoid hormone
(cortisol) differs from the others in that it is located in
the cytosol, anchored in an inactive state to a cytosolic
protein. Binding of the hormone causes the release of
the receptor from its cytosolic anchor, and the recep-
tor–hormone complex then migrates into the nucleus,
where it binds to the enhancer and stimulates tran-
scription (Figure 14.14).

Although most studies on animal steroid hormones
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have focused on their roles in regulating gene expres-
sion via receptors that act as transcription factors,
increasing evidence suggests that steroids can also inter-
act with proteins on the cell surface (McEwen 1991). As
will be discussed in Chapter 17, brassinosteroid has
recently been demonstrated to be an authentic steroid
hormone in plants, and the gene for a brassinosteroid
receptor has recently been cloned and sequenced. It
encodes a type of transmembrane receptor called a
leucine-rich repeat receptor, which is described at the end
of this chapter.

Cell Surface Receptors Can Interact with 
G Proteins
All water-soluble mammalian hormones bind to cell
surface receptors. Members of the largest class of mam-
malian cell surface receptors interact with signal-trans-
ducing, GTP-binding regulatory proteins called het-
erotrimeric G proteins. The activated G proteins, in
turn, activate an effector enzyme. The activated effector
enzyme generates an intracellular second messenger,
which stimulates a variety of cellular processes. 

Receptors using heterotrimeric G proteins are struc-
turally similar and functionally diverse. Their overall
structure is similar to that of bacteriorhodopsin, the pur-
ple pigment involved in photosynthesis in bacteria of
the genus Halobacterium, and to that of rhodopsin, the
visual pigment of the vertebrate eye. The recently char-
acterized olfactory receptors of the vertebrate nose also

belong to this group. The receptor proteins consist of
seven transmembrane a helices (Figure 14.15). These
receptors are sometimes referred to as seven-spanning,
seven-pass, or serpentine receptors. 

Heterotrimeric G Proteins Cycle between Active
and Inactive Forms
The G proteins that transduce the signals from the
seven-spanning receptors are called heterotrimeric G pro-
teins because they are composed of three different sub-
units: α, β, and γ (gamma). They are distinct from the
monomeric G proteins, which will be discussed later.
Heterotrimeric G proteins cycle between active and
inactive forms, thus acting as molecular switches. The β
and γ subunits form a tight complex that anchors the
trimeric G protein to the membrane on the cytoplasmic
side (Figure 14.16). The G protein becomes activated
upon binding to the ligand-activated seven-spanning
receptor. In its inactive form, G exists as a trimer with
GDP bound to the α subunit. Binding to the
receptor–ligand complex induces the α subunit to
exchange GDP for GTP. This exchange causes the α sub-
unit to dissociate from β and γ, allowing α to associate
instead with an effector enzyme.

The α subunit has a GTPase activity that is activated
when it binds to the effector enzyme, in this case adeny-
lyl cyclase (also called adenylate cyclase) (see Figure
14.16). GTP is hydrolyzed to GDP, thereby inactivating
the α subunit, which in turn inactivates adenylyl
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cyclase. The α subunit bound to GDP reassociates with
the β and γ subunits and can then be reactivated by
associating with the hormone–receptor complex. 

Activation of Adenylyl Cyclase Increases the 
Level of Cyclic AMP
Cyclic AMP is an important signaling molecule in both
prokaryotes and animal cells, and increasing evidence
suggests that cAMP plays a similar role in plant cells.
In vertebrates, adenylyl cyclase is an integral mem-
brane protein that contains two clusters of six mem-
brane-spanning domains separating two catalytic
domains that extend into the cytoplasm. Activation of
adenylyl cyclase by heterotrimeric G proteins raises the
concentration of cAMP in the cell, which is normally
maintained at a low level by the action of cyclic AMP
phosphodiesterase, which hydrolyzes cAMP to 5′-
AMP.

Nearly all the effects of cAMP in animal cells are
mediated by the enzyme protein kinase A (PKA). In
unstimulated cells, PKA is in the inactive state because
of the presence of a pair of inhibitory subunits. Cyclic
AMP binds to these inhibitory subunits, causing them
to dissociate from the two catalytic subunits, thereby
activating the catalytic subunits. The activated catalytic
subunits then are able to phosphorylate specific serine
or threonine residues of selected proteins, which may
also be protein kinases. An example of an enzyme that
is phosphorylated by PKA is glycogen phosphorylase
kinase. When phosphorylated by PKA, glycogen phos-
phorylase kinase phosphorylates (activates) glycogen
phosphorylase, the enzyme that breaks down glycogen in
muscle cells to glucose-1-phosphate. 

In cells in which cAMP regulates gene expression,
PKA phosphorylates a transcription factor called CREB
(cyclic AMP response element–binding protein). Upon
activation by PKA, CREB binds to the cAMP response
element (CRE), which is located in the promoter regions
of genes that are regulated by cAMP. 

In addition to activating PKA, cAMP can interact
with specific cAMP-gated cation channels. For example,
in olfactory receptor neurons, cAMP binds to and opens
Na+ channels on the plasma membrane, resulting in Na+

influx and membrane depolarization.
Because of the extremely low levels of cyclic AMP

that have been detected in plant tissue extracts, the role
of cAMP in plant signal transduction has been highly
controversial (Assmann 1995). Nevertheless, various
lines of evidence supporting a role of cAMP in plant
cells have accumulated. For example, genes that encode
homologs of CREB have been identified in plants (Kate-
giri et al. 1989). Pollen tube growth in lily has been
shown to be stimulated by concentrations of cAMP as
low as 10 nM (Tezuka et al. 1993). Li and colleagues
(1994) showed that cAMP activates K+ channels in the

plasma membrane of fava bean (Vicia faba) mesophyll
cells. And Ichikawa and coworkers (1997) recently iden-
tified possible genes for adenylyl cyclase in tobacco
(Nicotiana tabacum) and Arabidopsis. Thus, despite years
of doubt, the role of cAMP as a universal signaling agent
in living organisms, including plants, seems likely.
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Activation of Phospholipase C Initiates the 
IP3 Pathway 

Calcium serves as a second messenger for a wide vari-
ety of cell signaling events. This role of calcium is well
established in animal cells, and as we will see in later
chapters, circumstantial evidence suggests a role for cal-
cium in signal transduction in plants as well. The con-
centration of free Ca2+ in the cytosol normally is main-
tained at extremely low levels (1 × 10–7 M). Ca2+-
ATPases on the plasma membrane and on the endo-
plasmic reticulum pump calcium ions out of the cell and
into the lumen of the ER, respectively. In plant cells,
most of the calcium of the cell accumulates in the vac-
uole. The proton electrochemical gradient across the
vacuolar membrane that is generated by tonoplast pro-
ton pumps drives calcium uptake via Ca2+–H+ anti-
porters (see Chapter 6). 

In animal cells, certain hormones can induce a tran-
sient rise in the cytosolic Ca2+ concentration to about 5
× 10–6 M. This increase may occur even in the absence of
extracellular calcium, indicating that the Ca2+ is being
released from intracellular compartments by the open-
ing of intracellular calcium channels. However, the cou-
pling of hormone binding to the opening of intracellu-
lar calcium channels is mediated by yet another second
messenger, inositol trisphosphate (IP3). 

Phosphatidylinositol (PI) is a minor phospholipid
component of cell membranes (see Chapter 11). PI can
be converted to the polyphosphoinositides PI phosphate
(PIP) and PI bisphosphate (PIP2) by kinases (Figure
14.17). Although PIP2 is even less abundant in the mem-
brane than PI is, it plays a central role in signal trans-
duction. In animal cells, binding of a hormone, such as
vasopressin, to its receptor leads to the activation of het-
erotrimeric G proteins. The α subunit then dissociates
from G and activates a phosphoinositide-specific phos-

pholipase, phospholipase C (PLC). The activated PLC
rapidly hydrolyzes PIP2, generating inositol trisphos-
phate (IP3) and diacylglycerol (DAG) as products. Each
of these two molecules plays an important role in cell
signaling.

IP3 Opens Calcium Channels on the ER and on the
Tonoplast
The IP3 generated by the activated phospholipase C is
water soluble and diffuses through the cytosol until it
encounters IP3-binding sites on the ER and (in plants) on
the tonoplast. These binding sites are IP3-gated Ca2+

channels that open when they bind IP3 (Figure 14.18).
Since these organelles maintain internal Ca2+ concen-
trations in the millimolar range, calcium diffuses rapidly
into the cytosol down a steep concentration gradient.
The response is terminated when IP3 is broken down by
specific phosphatases or when the released calcium is
pumped out of the cytoplasm by Ca2+-ATPases. 

Studies with Ca2+-sensitive fluorescent indicators,
such as fura-2 and aequorin, have shown that the cal-
cium signal often originates in a localized region of the
cell and propagates as a wave throughout the cytosol.
Repeated waves called calcium oscillations can follow the
original signal, each lasting from a few seconds to sev-
eral minutes. The biological significance of calcium
oscillation is still unclear, although it has been suggested
that it is a mechanism for avoiding the toxicity that
might result from a sustained elevation in cytosolic lev-
els of free calcium. Such wavelike oscillations have
recently been detected in plant stomatal guard cells
(McAinsh et al. 1995). 

Cyclic ADP-Ribose Mediates Intracellular Ca2+
Release Independently of IP3 Signaling
Cyclic ADP-Ribose (cADPR) acts as a second messenger
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that can release calcium from intracellular stores, inde-
pendent of the IP3 signaling pathway. Like cAMP,
cADPR is a cyclic nucleotide, but whereas cAMP brings
about its effects by activating protein kinase A, cADPR
binds to and activates specific calcium channels, called
type-3 ryanodine receptors (ryanodine is a calcium
channel blocker). These ryanodine receptor/calcium
channels are located on the membranes of calcium-stor-
ing organelles, such as sarcoplasmic reticulum of animal
cells or the vacuoles of plant cells. By stimulating the
release of calcium into the cytosol, cADPR helps to reg-
ulate calcium oscillations that bring about physiological
effects. Abscisic acid-induced stomatal closure is an
example of the roles of cADPR and calcium oscillations
in plants (see Chapter 23).

Some Protein Kinases Are Activated by
Calcium–Calmodulin Complexes 
As we have seen with IP3-gated channels, calcium can
activate some proteins, such as channels, by binding
directly to them. However, most of the effects of calcium
result from the binding of calcium to the regulatory pro-
tein calmodulin (Figure 14.19). Calmodulin is a highly
conserved protein that is abundant in all eukaryotic
cells, but it appears to be absent from prokaryotic cells.
The same calcium-binding site is found in a wide vari-
ety of calcium-binding proteins and is called an EF
hand. The name is derived from the two α helices, E and
F, that are part of the calcium-binding domain of the
protein parvalbumin (Kretsinger 1980). 

Each calmodulin molecule binds four Ca2+ ions and
changes conformation, enabling it to bind to and acti-
vate other proteins. The Ca2+–calmodulin complex can
stimulate some enzymes directly, such as the plasma
membrane Ca2+-ATPase, which pumps calcium out of
the cell. Most of the effects of calcium, however, are
brought about by activation of Ca2+–calmodulin-depen-
dent protein kinases (CaM kinases). CaM kinases
phosphorylate serine or threonine residues of their tar-
get enzymes, causing enzyme activation. Thus, the effect
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that calcium has on a particular cell depends to a large
extent on which CaM kinases are expressed in that cell. 

Calcium signaling has been strongly implicated in
many developmental processes in plants, ranging from
the regulation of development by phytochrome (see
Chapter 17) to the regulation of stomatal guard cells by
abscisic acid (see Chapter 23). Thus far, however, there
have been few reports of CaM kinase activity in plants.
Recently, however, a gene that codes for a CaM kinase
has been cloned from lily and shown to be specifically
expressed in anthers. The lily CaM kinase is a
serine/threonine kinase that phosphorylates various
protein substrates in vitro in a Ca2+–calmodulin-depen-
dent manner (Takezawa et al. 1996). The occurrence and
regulatory roles of such plant CaM kinases remain to be
determined.

Plants Contain Calcium-Dependent Protein Kinases
The most abundant calcium-regulated protein kinases

in plants appear to be the calcium-dependent protein
kinases (CDPKs) (Harper et al. 1991; Roberts and Har-
mon 1992). CDPKs are strongly activated by calcium,
but are insensitive to calmodulin. The proteins are char-
acterized by two domains: a catalytic domain that is
similar to those of the animal CaM kinases, and a
calmodulin-like domain. The presence of a calmodulin-
like domain may explain why the enzyme does not
require calmodulin for activity. 

CDPKs are widespread in plants and are encoded by
multigene families. A CDPK has also been identified in
Chara, the giant freshwater green alga thought to be a
precursor of land plants (McCurdy and Harmon 1992). 

In Chara the enzyme was shown to be associated with
the actin microfilaments that line the outer cortex of the
cytoplasm along the inner surface of the plasma mem-
brane. The function of these microfilaments is to drive
cytoplasmic streaming around the cell. The rate of cyto-
plasmic streaming is inhibited by increases in cytosolic
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calcium, and it has been proposed that CDPKs mediate
the effects of calcium by phosphorylating the heavy
chain of myosin, a component of the microfilaments
(McCurdy and Harmon 1992).

CDPKs may also mediate the effects of calcium in
guard cells. Abscisic acid–induced stomatal closure
involves calcium as a second messenger (see Chapter
23). Recent studies using isolated vacuoles from guard
cells of Vicia faba (fava bean) suggest that CDPKs can
regulate anion channels on the tonoplast (Pei et al. 1996).
Thus, CDPKs may be a component of the abscisic acid
signaling pathway.

Diacylglycerol Activates Protein Kinase C 
Cleavage of PIP2 by phospholipase C produces diacyl-
gycerol (DAG) in addition to IP3 (see Figure 14.17).
Whereas IP3 is hydrophilic and diffuses rapidly into the
cytoplasm, DAG is a lipid and remains in the mem-

brane. In animal cells, DAG can associate with and acti-
vate the serine/threonine kinase protein kinase C
(PKC). The inactive form of PKC is a soluble enzyme
that is located in the cytosol. Upon binding to calcium,
the soluble, inactive PKC undergoes a conformational
change and associates with a PKC receptor protein that
transports it to the inner surface of the plasma mem-
brane, where it encounters DAG.

PKCs have been shown to phosphorylate ion chan-
nels, transcription factors, and enzymes in animal cells.
One of the enzymes phosphorylated by PKC is another
protein kinase that regulates cell proliferation and dif-
ferentiation, MAP kinase kinase kinase (discussed later in
the chapter). G proteins, phospholipase C, and various
protein kinases have been identified in plant mem-
branes (Millner and Causier 1996). PKC activity has also
been detected in plants (Elliott and Kokke 1987; Chen et
al. 1996), and a plant gene encoding the PKC receptor
protein that transports the soluble enzyme to the mem-
brane has recently been cloned (Kwak et al. 1997). How-
ever, there is as yet no evidence that activation of PKC
by DAG plays a role in plant signal transduction. 

Phospholipase A2 Generates Other Membrane-
Derived Signaling Agents
In animals, the endocrine system is involved in signal-
ing between hormone-producing cells at one location of
the body and hormone-responding cells at another loca-
tion; in contrast, the autocrine system involves cells
sending signals to themselves and their immediate
neighbors. One type of autocrine signaling system that
plays important roles in pain and inflammatory re-
sponses, as well as platelet aggregation and smooth-
muscle contraction, is called the eicosanoid pathway. 

There are four major classes of eicosanoids:
prostaglandins, prostacyclins, thromboxanes, and leuko-
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trienes. All are derived from the breakdown of mem-
brane phospholipids, and in this respect the eicosanoid
pathway resembles the IP3 pathway. There the resem-
blance ends, however. For whereas the IP3 pathway
begins with the cleavage of IP3 from PIP2 by phospholi-
pase C, the eicosanoid pathway is initiated by the cleav-
age of the 20-carbon fatty acid arachidonic acid from the
intact phospholipid by the enzyme phospholipase A2
(PLA2) (Figure 14.20A). Two oxidative pathways—one
cyclooxygenase dependent, the other lipoxygenase
dependent—then convert arachidonic acid to the four
eicosanoids (Figure 14.20B). As we will see in Chapter
19, there is some indirect evidence for the possible
involvement of prostaglandins in the regulation of the
plant cell cycle, although direct evidence is lacking.
Higher plants generally have negligible amounts of
arachidonic acid in their membranes, although the level
is higher in certain mosses.

In addition to generating arachidonic acid, PLA2 pro-
duces lysophosphatidylcholine (LPC) as a breakdown
product of phosphatidylcholine. LPC has detergent
properties, and it has been shown to regulate ion chan-
nels through its effects on protein kinases. For example,
LPC has been shown to modulate the sodium currents
in cardiac-muscle cells by signal transduction pathways
that involve the activation of both protein kinase C and
a tyrosine kinase (Watson and Gold 1997). Protein
kinase C is activated by LPC independently of the phos-
pholipase C pathway. 

In recent years plant biologists have become increas-

ingly interested in the eicosanoid pathway because it
now appears that an important signaling agent in plant
defense responses, jasmonic acid, is produced by a sim-
ilar pathway, which was described in Chapter 13. In
addition, LPC has been shown to activate plant protein
kinases in vitro. As we will see in Chapter 19, LPC is one
of many candidates for a second messenger in the rapid
responses of plant cells to auxin.

In Vertebrate Vision, a Heterotrimeric G Protein
Activates Cyclic GMP Phosphodiesterase 
The human eye contains two types of photoreceptor
cells: rods and cones. Rods are responsible for mono-
chromatic vision in dim light; cones are involved in
color vision in bright light. Signal transduction in
response to light has been studied more intensively in
rods. The rod is a highly specialized tubular cell that
contains an elongated stack of densely packed mem-
brane sacs called discs at the tip, or outer segment,
reminiscent of the grana stacks of chloroplasts. The disc
membranes of rod cells contain the photosensitive pro-
tein pigment rhodopsin, a member of the seven-span-
ning transmembrane family of receptors. Rhodopsin
consists of the protein opsin covalently bound to the
light-absorbing molecule 11-cis-retinal. When 11-cis-reti-
nal absorbs a single photon of light (400 to 600 nm) it
immediately isomerizes to all-trans-retinal (Figure
14.21). This change causes a slower conformational
change in the protein, converting it to meta-rhodopsin II,
or activated opsin. 
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Activated opsin, in turn, lowers the concentration of
the cyclic nucleotide 3′5′-cGMP. Cyclic GMP is synthe-
sized from GTP by the enzyme guanylate cyclase. In the
dark, guanylate cyclase activity results in the buildup of
a high concentration of cGMP in the rod cells. Because
the plasma membrane contains cGMP-gated Na+ chan-
nels, the high cGMP concentration in the cytosol main-
tains the Na+ channels in the open position in the
absence of light. When the Na+ channels are open, Na+

can enter the cell freely, and this passage of Na+ tends to
depolarize the membrane potential.

When opsin becomes activated by light, however, it
binds to the heterotrimeric G protein transducin. This
binding causes the α subunit of transducin to exchange
GDP for GTP and dissociate from the complex. The α
subunit of transducin then activates the enzyme cyclic
GMP phosphodiesterase, which breaks down 3′5′-cGMP
to 5′-GMP (Figure 14.22). Light therefore has the effect
of decreasing the concentration of cGMP in the rod cell.
A lower concentration of cGMP has the effect of closing
the cGMP-gated Na+ channels on the plasma mem-

brane, which are kept open in the dark by a high cGMP
concentration. To give some idea of the signal amplifi-
cation provided, a single photon may cause the closure
of hundreds of Na+ channels, blocking the uptake of
about 10 million Na+ ions. 

By preventing the influx of Na+, which tends to
depolarize the membrane, the membrane polarity
increases—that is, becomes hyperpolarized. In this way
a light signal is converted into an electric signal. Mem-
brane hyperpolarization, in turn, inhibits neurotrans-
mitter release from the synaptic body of the rod cell.
Paradoxically, the nervous system detects light as an
inhibition rather than a stimulation of neurotransmitter
release. 

Cyclic GMP, which regulates ion channels and pro-
tein kinases in animal cells, appears to be an important
regulatory molecule in plant cells as well. Cyclic GMP
has been definitively identified in plant extracts by gas
chromatography combined with mass spectrometry
(Janistyn 1983; Newton and Brown 1992). Moreover,
cGMP has been implicated as a second messenger in the
responses of phytochrome (see Chapter 17) and gib-
berellin (see Chapter 20).

Nitric Oxide Gas Stimulates the Synthesis of cGMP
The level of 3′,5′-cyclic GMP in cells is controlled by the
balance between the rate of cGMP synthesis by the
enzyme, guanylyl (or guanylate) cyclase, and the rate of
cGMP degradation by the enzyme cGMP phosphodi-
esterase. We have seen how light activation of
rhodopsin leads to the activation of cGMP phosphodi-
esterase in vertebrate rod cells, resulting in a reduction
in cGMP. In smooth muscle tissue of animal cells, cGMP
levels can be increased via the direct activation of
guanylyl cyclase by the signaling intermediate, nitric
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oxide (NO). NO is synthesized from arginine by the
enzyme, NO synthase, in a reaction involving oxygen:

NO synthase
Arginine + O2→Citrulline + NO

Once produced in animal endothelial cells, dissolved
NO passes rapidly across membranes and acts locally
on neighboring smooth muscle cells, with a half-life of
5–10 seconds. Guanylyl cyclase contains a heme group
that binds NO tightly, and binding of NO causes a con-
formational change which activates the enzyme. The
NO-induced increase in cGMP causes smooth muscle
cells to relax. Nitroglycerine, which can be metabolized
to yield NO, has long been administered to heart
patients to prevent the coronary artery spasms respon-
sible for variant angina. In plants, NO has recently been
implicated as an intermediate in ABA-induced stomatal
closure (see Chapter 23).

Cell Surface Receptors May Have Catalytic Activity
Some cell surface receptors are enzymes themselves or
are directly associated with enzymes. Unlike the seven-
spanning receptors, the catalytic receptors, as these
enzyme or enzyme-associated receptors are called, are
typically attached to the membrane via a single trans-
membrane helix and do not interact with heterotrimeric
G proteins. The six main categories of catalytic receptors
in animals include: (1) receptor tyrosine kinases, (2)
receptor tyrosine phosphatases, (3) receptor serine/thre-
onine kinases, (4) tyrosine kinase–linked receptors, (5)
receptor guanylate cyclases, and (6) cell surface pro-
teases. Of these, the receptor tyrosine kinases are prob-
ably the most abundant in animal cells. 

Thus far, no receptor tyrosine kinases (RTKs) have
been identified in plants. However, plant cells do con-
tain a class of receptors called receptorlike kinases
(RLKs) that are structurally similar to the animal RTKs.
In addition, some of the components of the RTK signal-
ing pathway of animals have been identified in plants.
After first reviewing the animal RTK pathway, we will
examine the RLK receptors of plants. 

Ligand Binding to Receptor Tyrosine Kinases
Induces Autophosphorylation
The receptor tyrosine kinases (RTKs) make up the most
important class of enzyme-linked cell surface receptors
in animal cells, although so far they have not been
found in either plants or fungi. Their ligands are soluble
or membrane-bound peptide or protein hormones,
including insulin, epidermal growth factor (EGF),
platelet-derived growth factor (PDGF), and several
other protein growth factors.

Since the transmembrane domain that separates the
hormone-binding site on the outer surface of the mem-
brane from the catalytic site on the cytoplasmic surface
consists of only a single α helix, the hormone cannot

transmit a signal directly to the cytosolic side of the
membrane via a conformational change. Rather, bind-
ing of the ligand to its receptor induces dimerization of
adjacent receptors, which allows the two catalytic
domains to come into contact and phosphorylate each
other on multiple tyrosine residues (autophosphoryla-
tion) (Figure 14.23). Dimerization may be a general
mechanism for activating cell surface receptors that con-
tain single transmembrane domains. 

Intracellular Signaling Proteins That Bind to RTKs
Are Activated by Phosphorylation 
Once autophosphorylated, the catalytic site of the RTKs
binds to a variety of cytosolic signaling proteins. After
binding to the RTK, the inactive signaling protein is itself
phosphorylated on specific tyrosine residues. Some tran-
scription factors are activated in this way, after which
they migrate to the nucleus and stimulate gene expres-
sion directly. Other signaling molecules take part in a sig-
naling cascade that ultimately results in the activation of
transcription factors. The signaling cascade initiated by
RTKs begins with the small, monomeric G protein Ras. 

The Ras superfamily. In addition to possessing het-
erotrimeric G proteins, eukaryotic cells contain small
monomeric G proteins that are related to the α sub-
units of the heterotrimeric G proteins. The three fami-
lies, Ras, Rab, and Rho/Rac, all belong to the Ras
superfamily of monomeric GTPases. Rho and Rac
relay signals from surface receptors to the actin cyto-
skeleton; members of the Rab family of GTPases are
involved in regulating intracellular membrane vesicle
traffic; the Ras proteins, which are located on the inner
surface of the membrane, play a crucial role in initiat-
ing the kinase cascade that relays signals from RTKs to
the nucleus. 

The RAS gene was originally discovered as a viral
oncogene (cancer-causing gene) and was later shown to
be present as a normal gene in animal cells. Ras is a G
protein that cycles between an inactive GDP-binding
form and an active GTP-binding form. Ras also pos-
sesses GTPase activity that hydrolyzes bound GTP to
GDP, thus terminating the response. The RAS oncogene
is a mutant form of the protein that is unable to
hydrolyze GTP. As a result, the molecular switch remains
in the on position, triggering uncontrolled cell division.

The study of small GTP-binding proteins in plants is
still in its infancy. Thus far, about 30 genes encoding
members of monomeric G protein families have been
cloned, including homologs of RAB and RHO. Surpris-
ingly, RAS itself has so far not yet been identified in
plants (Terryn et al. 1996). 

Ras Recruits Raf to the Plasma Membrane
The initial steps in the Ras signaling pathway are illus-
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trated in Figure 14.23. First, binding of the hormone to
the RTK induces dimerization followed by autophos-
phorylation of the catalytic domain. Autophosphoryla-
tion of the receptor causes binding to the Grb2 protein,
which is tightly associated with another protein, called
Sos. As a result, the Grb2–Sos complex attaches to the
RTK at the phosphorylation site. The Sos protein then
binds to the inactive form of Ras, which is associated
with the inner surface of the plasma membrane. Upon
binding to Sos, Ras releases GDP and binds GTP
instead, which converts Ras to the active form. The acti-
vated Ras, in turn, provides a binding site for the solu-
ble serine/threonine kinase Raf. The primary function
of the activated Ras is thus to recruit Raf to the plasma
membrane. Binding to Ras activates Raf and initiates a
chain of phosphorylation reactions called the MAPK
cascade (see the next section). 

As we will see in later chapters, increasing evidence
suggests that plant signaling pathways also employ the
MAPK cascade. For example, the ethylene receptor,
ETR1, probably passes its signal to CTR1, a protein
kinase of the Raf family (see Chapter 22). 

The Activated MAP Kinase Enters the Nucleus 
The MAPK (mitogen-activated protein kinase) cascade
owes its name to a series of protein kinases that phos-
phorylate each other in a specific sequence, much like
runners in a relay race passing a baton (Figure 14.24).
The first kinase in the sequence is Raf, referred to in this

context as MAP kinase kinase kinase (MAPKKK).
MAPKKK passes the phosphate baton to MAP kinase
kinase (MAPKK), which hands it off to MAP kinase
(MAPK). MAPK, the “anchor” of the relay team, enters
the nucleus, where it activates still other protein kinases,
specific transcription factors, and regulatory proteins. 

The transcription factors that are activated by MAPK
are called serum response factors (SRFs) because all of
the growth factors that bind to RTKs are transported in
the serum. Serum response factors bind to specific
nucleotide sequences on the genes they regulate called
serum response elements (SREs). The entire process
from binding of the growth factor to the receptor to tran-
scriptional activation of gene expression can be very
rapid, taking place in a few minutes. 

Some of the genes that are activated encode other
transcription factors that regulate the expression of other
genes. Because these genes are important for cell prolif-
eration and growth, many of them are proto-oncogenes.
For example, one of the genes whose expression is stim-
ulated by MAPK is the proto-oncogene FOS. A proto-
oncogene is a normal gene that potentially can cause
malignant tumors when mutated. When the Fos protein
combines with the phosphorylated Jun protein (one of
the nuclear proteins that is phosphorylated by MAPK),
it forms a heterodimeric transcription factor called AP-
1, which turns on other genes. Other important proto-
oncogenes that encode nuclear transcription factors
include MYC and MYB. Both phytochrome (see Chap-
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ter 17) and gibberellin (see Chapter 20) are believed to
regulate gene expression via the up-regulation of MYB-
like transcription factors.

Plant Receptorlike Kinases Are Structurally Similar
to Animal Receptor Tyrosine Kinases 
Because of the recent progress in sequencing the
genomes of plants such as Arabidopsis and rice, it is pos-
sible to use computers to search for DNA nucleotide
sequences that correspond to the amino acid sequences
of proteins identified in other organisms. Such database
searches of plant DNA sequences have successfully iden-
tified a large family of receptorlike protein kinases
(RLKs) by homology to animal receptor tyrosine kinases.
These plant RLKs are structurally similar to the animal
RTKs. They have a large extracellular domain, span the
membrane only once, and contain a catalytic domain on
the cytoplasmic side. Although they resemble the RTKs
in their general structure, they differ in catalytic activity.
Whereas RTKs of animals are autophosphorylating tyro-
sine kinases, the plant RLKs are autophosphorylating
serine/threonine kinases (Walker 1994).

Three types of RLKs have been identified in plants,
primarily on the basis of their extracellular domains.
The first class is characterized by an extracellular S
domain and is called S receptor kinase or SRK. The S
domain was first identified in a group of secreted gly-
coproteins, called S locus glycoproteins (SLGs), which
regulate self-incompatibility in Brassica species. Self-
incompatibility is characterized by the failure of pollen
tubes to grow when placed on pistils from the same
plant, and self-incompatibility loci are genes that regu-
late this phenotype. 

The S domain consists of ten cysteines in a particular
arrangement with other amino acids. The high degree
of homology between the S domains of SRKs and those
of SLGs suggests that they are functionally related and
are involved in the recognition pathways involved in
pollen tube growth. Consistent with this idea, SRK
genes are expressed predominantly in pistils. Several
other S domain RLKs with highly divergent sequences
have been identified in other species, and each of these
may play unique roles in plant cell signaling. 

The leucine-rich repeat (LRR) family of receptors
constitute the second group of RLKs. They were first
identified as disease resistance genes that may play key
roles in the cell surface recognition of ligands produced
by pathogens and the subsequent activation of the intra-
cellular defense response (Bent 1996; Song et al. 1995).
However, plant LRR receptors have been implicated in
normal developmental functions as well. For example,
a pollen-specific LRR receptor has been identified in
sunflower that may be involved in cell–cell recognition
during pollination (Reddy et al. 1995), and the Ara-
bidopsis ERECTA gene, which regulates the shape and

size of organs originating from the shoot apical meris-
tem, encodes an LRR receptor (Torii et al. 1996). More
recently, the receptor for the plant steroid hormone
brassinosteroid has been identified as an LRR receptor
(see Web Topic 19.14). 

The LRR receptors are members of a larger family of
LRR proteins that includes soluble forms with lower
molecular mass that are widespread in plants and ani-
mals. The most conserved element of the LRR domain
forms a β sheet with an exposed face that participates in
protein–protein interactions (Buchanan and Gay 1996).
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The small soluble LRR proteins may participate in cell
signaling by hydrophobic binding to LRR receptors. For
example, in tomato a protein that contains four tandem
repeats of a canonical 24-amino-acid leucine-rich repeat
motif is up-regulated during virus infection. This pro-
tein is apparently secreted into the apoplast along with
a protease that digests it to lower molecular weight pep-
tides (Tornero et al. 1996). These peptides could form
part of a signaling pathway by interacting with cell sur-
face LRR receptors.

Finally, a third type of RLK that contains an epider-
mal growth factor–like repeat has been identified in Ara-
bidopsis. Interestingly, the receptor, called PRO25, is
localized in the chloroplast and interacts with a light-
harvesting chlorophyll a/b–binding protein (LHCP)
(Walker 1994). Little or nothing is known about signal-
ing within plastids, which undoubtedly will be an
important area for future research. 

Summary
The size of the genome (the total amount of DNA in a
cell, a nucleus, or an organelle) is related to the com-
plexity of the organism. However, not all of the DNA in
a genome codes for genes. Prokaryotic genomes consist
mainly of unique sequences (genes). Much of the
genome in eukaryotes, however, consists of repetitive
DNA and spacer DNA. The genome size in plants is
highly variable, ranging from 1.5 × 108 bp in Arabidopsis
to 1 × 1011 bp in Trillium. Plant genomes contain about
25,000 genes; by comparison, the Drosophila genome
contains about 12,000 genes. 

In prokaryotes, structural genes involved in related
functions are organized into operons, such as the lac
operon. Regulatory genes encode DNA-binding pro-
teins that may repress or activate transcription. In
inducible systems, the regulatory proteins are them-
selves activated or inactivated by binding to small effec-
tor molecules. 

Similar control systems are present in eukaryotic
genomes. However, related genes are not clustered in
operons, and genes are subdivided into exons and
introns. Pre-mRNA transcripts must be processed by
splicing, capping, and addition of poly-A tails to pro-
duce the mature mRNA, and the mature mRNA must
then exit the nucleus to initiate translation in the cytosol.
Despite these differences, most eukaryotic genes are reg-
ulated at the level of transcription, as in prokaryotes.

Transcription in eukaryotes is characterized by three
different RNA polymerases whose activities are modu-
lated by a diverse group of cis-acting regulatory
sequences. RNA polymerase II is responsible for the
synthesis of pre-mRNA. General transcription factors
assemble into a transcription initiation complex at the
TATA box of the minimum promoter, which lies within

100 bp of the transcription start site of the gene. Addi-
tional cis-acting regulatory sequences, such as the CAAT
box and GC box, bind transcription factors that enhance
expression of the gene. Distal regulatory sequences
located farther upstream bind to other transcription fac-
tors called activators or repressors. Many plant genes
are also regulated by enhancers, distantly located posi-
tive regulatory sequences. 

Despite being scattered throughout the genome,
many eukaryotic genes are both inducible and coregu-
lated. Genes that are coordinately regulated have com-
mon cis-acting regulatory sequences in their promoters.
Most transcription factors in plants contain the basic zip-
per (bZIP) motif. An important group of transcription
factors in plants, the floral homeotic genes, contain the
MADS domain. 

Enzyme concentration is also regulated by protein
degradation, or turnover. As yet there is no evidence
that plant vacuoles function like animal lysosomes in
protein turnover, except during senescence, when the
contents of the vacuole are released. However, protein
turnover via the covalent attachment of the short
polypeptide ubiquitin and subsequent proteolysis is  an
important mechanism for regulating the cytosolic pro-
tein concentration in plants.

Signal transduction pathways coordinate gene expres-
sion with environmental conditions and with develop-
ment. Prokaryotes employ two-component regulatory
systems that include a sensor protein and a response reg-
ulator protein that facilitates the response, typically gene
expression. The sensor and the response regulator com-
municate via protein phosphorylation. Receptor proteins
related to the bacterial two-component systems have
recently been identified in yeast and plants.

In multicellular eukaryotes, lipophilic hormones usu-
ally bind to intracellular receptors, while water-soluble
hormones bind to cell surface receptors. Binding to a
receptor initiates a signal transduction pathway, often
involving the generation of second messengers, such as
cyclic nucleotides, inositol trisphosphate, and calcium,
which greatly amplify the original signal and bring
about the cellular response. Such pathways normally
lead to changes in gene expression. In plants, the recep-
tor for the phytohormone brassinosteroid is a cell sur-
face receptor. 

The seven-spanning receptors of animal cells interact
with heterotrimeric G proteins, which act as molecular
switches by cycling between active (GTP-binding) forms
and inactive (GDP-binding) forms. Dissociation of the α
subunit from the complex allows it to activate the effec-
tor enzyme. Activation of adenylyl cyclase increases
cAMP levels, resulting in the activation of protein kinase
A. Cyclic AMP can also regulate cation channels directly. 

When heterotrimeric G proteins activate phospholi-
pase C, it initiates the IP3 pathway. IP3 released from the
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membrane opens intracellular calcium channels, releas-
ing calcium from the ER and vacuole into the cytosol.
The increase in calcium concentration, in turn, activates
protein kinases and other enzymes. In plants, calcium
dependent protein kinases, which have a calmodulin
domain, are activated by calcium directly. The other by-
product of phospholipase C, diacylglycerol, can also act
as a second messenger by activating protein kinase C.

There is increasing evidence that cyclic GMP operates
as a second messenger in plant cells as it does in animal
cells. In animal cells, cyclic GMP has been shown to reg-
ulate ion channels and protein kinases.

The most common family of cell surface catalytic
receptors in animals consists of the receptor tyrosine
kinases. RTKs dimerize upon binding to the hormone;
then their multiple tyrosine residues are autophospho-
rylated. The phosphorylated receptor then acts as an
assembly site for various protein complexes, including
the Ras superfamily of monomeric GTPases. Binding of
Ras leads to recruitment of the protein kinase Raf to the
membrane. Raf initiates the MAPK cascade. The last
kinase to be phosphorylated (activated) is MAP kinase,
which enters the nucleus and activates various tran-
scription factors (serum response factors), which bind to
cis-acting regulatory sequences called serum response
elements. 

Plants appear to lack RTKs, but they have struc-
turally similar receptors called receptorlike kinases,
which are serine/threonine kinases. The three main cat-
egories of plant RLKs are the S receptor kinases, the
leucine-rich repeat receptors, and a receptor on the
chloroplast called PRO25. Little is known about the sig-
naling pathways used by these receptors, although
enzymes of the MAPK cascade have been identified in
plants.
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Cell Walls: Structure,
Biogenesis, and Expansion15

Chapter

PLANT CELLS, UNLIKE ANIMAL CELLS, are surrounded by a rela-
tively thin but mechanically strong cell wall. This wall consists of a com-
plex mixture of polysaccharides and other polymers that are secreted by
the cell and are assembled into an organized network linked together by
both covalent and noncovalent bonds. Plant cell walls also contain struc-
tural proteins, enzymes, phenolic polymers, and other materials that
modify the wall’s physical and chemical characteristics.

The cell walls of prokaryotes, fungi, algae, and plants are distinctive
from each other in chemical composition and microscopic structure, yet
they all serve two common primary functions: regulating cell volume
and determining cell shape. As we will see, however, plant cell walls
have acquired additional functions that are not apparent in the walls of
other organisms. Because of these diverse functions, the structure and
composition of plant cell walls are complex and variable.

In addition to these biological functions, the plant cell wall is impor-
tant in human economics. As a natural product, the plant cell wall is
used commercially in the form of paper, textiles, fibers (cotton, flax,
hemp, and others), charcoal, lumber, and other wood products. Another
major use of plant cell walls is in the form of extracted polysaccharides
that have been modified to make plastics, films, coatings, adhesives, gels,
and thickeners in a huge variety of products.

As the most abundant reservoir of organic carbon in nature, the plant
cell wall also takes part in the processes of carbon flow through ecosys-
tems. The organic substances that make up humus in the soil and that
enhance soil structure and fertility are derived from cell walls. Finally,
as an important source of roughage in our diet, the plant cell wall is a
significant factor in human health and nutrition.

We begin this chapter with a description of the general structure and
composition of cell walls and the mechanisms of the biosynthesis and
secretion of cell wall materials. We then turn to the role of the primary
cell wall in cell expansion. The mechanisms of tip growth will be con-
trasted with those of diffuse growth, particularly with respect to the



establishment of cell polarity and the control of the rate of
cell expansion. Finally, we will describe the dynamic
changes in the cell wall that often accompany cell differ-
entiation, along with the role of cell wall fragments as sig-
naling molecules.

THE STRUCTURE AND SYNTHESIS OF
PLANT CELL WALLS
Without a cell wall, plants would be very different organ-
isms from what we know. Indeed, the plant cell wall is
essential for many processes in plant growth, development,
maintenance, and reproduction:

• Plant cell walls determine the mechanical strength of
plant structures, allowing those structures to grow to
great heights.

• Cell walls glue cells together, preventing them from
sliding past one another. This constraint on cellular
movement contrasts markedly to the situation in ani-
mal cells, and it dictates the way in which plants
develop (see Chapter 16).

• A tough outer coating enclosing the cell, the cell wall
acts as a cellular “exoskeleton” that controls cell
shape and allows high turgor pressures to develop.

• Plant morphogenesis depends
largely on the control of cell wall
properties because the expansive
growth of plant cells is limited prin-
cipally by the ability of the cell wall
to expand.

• The cell wall is required for normal
water relations of plants because the
wall determines the relationship
between the cell turgor pressure and
cell volume (see Chapter 3).

• The bulk flow of water in the xylem
requires a mechanically tough wall
that resists collapse by the negative
pressure in the xylem.

• The wall acts as a diffusion barrier
that limits the size of macromole-
cules that can reach the plasma
membrane from outside, and it is a
major structural barrier to pathogen
invasion.

Much of the carbon that is assimilated
in photosynthesis is channeled into poly-
saccharides in the wall. During specific
phases of development, these polymers
may be hydrolyzed into their constituent
sugars, which may be scavenged by the
cell and used to make new polymers. This

phenomenon is most notable in many seeds, in which wall
polysaccharides of the endosperm or cotyledons function
primarily as food reserves. Furthermore, oligosaccharide
components of the cell wall may act as important signaling
molecules during cell differentiation and during recogni-
tion of pathogens and symbionts.

The diversity of functions of the plant cell wall requires
a diverse and complex plant cell wall structure. In this sec-
tion we will begin with a brief description of the morphol-
ogy and basic architecture of plant cell walls. Then we will
discuss the organization, composition, and synthesis of pri-
mary and secondary cell walls.

Plant Cell Walls Have Varied Architecture
Stained sections of plant tissues reveal that the cell wall is
not uniform, but varies greatly in appearance and compo-
sition in different cell types (Figure 15.1). Cell walls of the
cortical parenchyma are generally thin and have few dis-
tinguishing features. In contrast, the walls of some spe-
cialized cells, such as epidermal cells, collenchyma, phloem
fibers, xylem tracheary elements, and other forms of scle-
renchyma have thicker, multilayered walls. Often these
walls are intricately sculpted and are impregnated with
specific substances, such as lignin, cutin, suberin, waxes,
silica, or structural proteins.
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FIGURE 15.1 Cross section of a stem of Trifolium (clover), showing cells
with varying wall morphology. Note the highly thickened walls of the
phloem fibers. (Photo © James Solliday/Biological Photo Service.) 
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The individual sides of a wall surrounding a cell may also
vary in thickness, embedded substances, sculpting, and fre-
quency of pitting and plasmodesmata. For example, the outer
wall of the epidermis is usually much thicker than the other
walls of the cell; moreover, this wall lacks plasmodesmata
and is impregnated with cutin and waxes. In guard cells, the
side of the wall adjacent to the stomatal pore is much thicker
than the walls on the other sides of the cell. Such variations
in wall architecture for a single cell reflect the polarity and
differentiated functions of the cell and arise from targeted
secretion of wall components to the cell surface.

Despite this diversity in cell wall morphology, cell walls
commonly are classified into two major types: primary
walls and secondary walls. Primary walls are formed by
growing cells and are usually considered to be relatively
unspecialized and similar in molecular architecture in all
cell types. Nevertheless, the ultrastructure of primary
walls also shows wide variation. Some primary walls,
such as those of the onion bulb parenchyma, are very thin
(100 nm) and architecturally simple (Figure 15.2). Other
primary walls, such as those found in collenchyma or in
the epidermis (Figure 15.3), may be much thicker and con-
sist of multiple layers.

Secondary walls are the cell walls that form after cell
growth (enlargement) has ceased. Secondary walls may
become highly specialized in structure and composition,
reflecting the differentiated state of the cell. Xylem cells,
such as those found in wood, are notable for possessing

highly thickened secondary walls that are strengthened by
lignin (see Chapter 13).

A thin layer of material, the middle lamella (plural
lamellae), can usually be seen at the junction where the
walls of neighboring cells come into contact. The composi-
tion of the middle lamella differs from the rest of the wall
in that it is high in pectin and contains different proteins
compared with the bulk of the wall. Its origin can be traced
to the cell plate that formed during cell division.

As we saw in Chapter 1, the cell wall is usually pene-
trated by tiny membrane-lined channels, called plasmo-
desmata (singular plasmodesma), which connect neighbor-
ing cells. Plasmodesmata function in communication
between cells, by allowing passive transport of small mol-
ecules and active transport of proteins and nucleic acids
between the cytoplasms of adjacent cells.

The Primary Cell Wall Is Composed of Cellulose
Microfibrils Embedded in a Polysaccharide Matrix
In primary cell walls, cellulose microfibrils are embedded
in a highly hydrated matrix (Figure 15.4). This structure
provides both strength and flexibility. In the case of cell
walls, the matrix (plural matrices) consists of two major
groups of polysaccharides, usually called hemicelluloses
and pectins, plus a small amount of structural protein. The
matrix polysaccharides consist of a variety of polymers
that may vary according to cell type and plant species
(Table 15.1).
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FIGURE 15.2 Primary cell walls from onion parenchyma. (A) This surface view of
cell wall fragments was taken through the use of Nomarski optics. Note that the
wall looks like a very thin sheet with small surface depressions; these depressions
may be pit fields, places where plasmodesmatal connections between cells are con-
centrated. (B) This surface view of a cell wall was prepared by a freeze-etch replica
technique. It shows the fibrillar nature of the cell wall. (From McCann et al. 1990,
courtesy of M. McCann.) 
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FIGURE 15.3 Electron micro-
graph of the outer epidermal
cell wall from the growing
region of a bean hypocotyl.
Multiple layers are visible
within the wall. The inner lay-
ers are thicker and more
defined than the outer layers
because the outer layers are
the older regions of the wall
and have been stretched and
thinned by cell expansion.
(From Roland et al. 1982.)
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FIGURE 15.4 Schematic diagram of the major structural components of the primary
cell wall and their likely arrangement. Cellulose microfibrils are coated with hemi-
celluloses (such as xyloglucan), which may also cross-link the microfibrils to one
another. Pectins form an interlocking matrix gel, perhaps interacting with structural
proteins. (From Brett and Waldron 1996.)



These polysaccharides are named after the principal
sugars they contain. For example, a glucan is a polymer
made up of glucose, a xylan is a polymer made up of
xylose, a galactan is made from galactose, and so on. Glycan
is the general term for a polymer made up of sugars. For
branched polysaccharides, the backbone of the polysac-
charide is usually indicated by the last part of the name. 

For example, xyloglucan has a glucan backbone (a linear
chain of glucose residues) with xylose sugars attached to it
in the side chains; glucuronoarabinoxylan has a xylan back-
bone (made up of xylose subunits) with glucuronic acid
and arabinose side chains. However, a compound name
does not necessarily imply a branched structure. For exam-
ple, glucomannan is the name given to a polymer contain-
ing both glucose and mannose in its backbone.

Cellulose microfibrils are relatively stiff structures that
contribute to the strength and structural bias of the cell wall.
The individual glucans that make up the microfibril are
closely aligned and bonded to each other to make a highly
ordered (crystalline) ribbon that excludes water and is rel-
atively inaccessible to enzymatic attack. As a result, cellu-
lose is very strong and very stable and resists degradation.

Hemicelluloses are flexible polysaccharides that char-
acteristically bind to the surface of cellulose. They may
form tethers that bind cellulose microfibrils together into a
cohesive network (see Figure 15.4), or they may act as a
slippery coating to prevent direct microfibril–microfibril
contact. Another term for these molecules is cross-linking
glucans, but in this chapter we’ll use the more traditional
term, hemicelluloses. As described later, the term hemicellu-
lose includes several different kinds of polysaccharides.

Pectins form a hydrated gel phase in which the cellu-
lose–hemicellulose network is embedded. They act as
hydrophilic filler, to prevent aggregation and collapse of

the cellulose network. They also determine the porosity of
the cell wall to macromolecules. Like hemicelluloses,
pectins include several different kinds of polysaccharides.

The precise role of wall structural proteins is uncertain,
but they may add mechanical strength to the wall and
assist in the proper assembly of other wall components.

The primary wall is composed of approximately 25%
cellulose, 25% hemicelluloses, and 35% pectins, with per-
haps 1 to 8% structural protein, on a dry-weight basis.
However, large deviations from these values may be found.
For example, the walls of grass coleoptiles consist of 60 to
70% hemicelluloses, 20 to 25% cellulose, and only about
10% pectins. Cereal endosperm walls are mostly (about
85%) hemicelluloses. Secondary walls typically contain
much higher cellulose contents.

In this chapter we will present a basic model of the pri-
mary wall, but be aware that plant cell walls are more diverse
than this model suggests. The composition of matrix poly-
saccharides and structural proteins in walls varies signifi-
cantly among different species and cell types (Carpita and
McCann 2000). Most notably, in grasses and related species
the major matrix polysaccharides differ from those that make
up the matrix of most other land plants (Carpita 1996).

The primary wall also contains much water. This water
is located mostly in the matrix, which is perhaps 75 to 80%
water. The hydration state of the matrix is an important
determinant of the physical properties of the wall; for
example, removal of water makes the wall stiffer and less
extensible. This stiffening effect of dehydration may play a
role in growth inhibition by water deficits. We will exam-
ine the structure of each of the major polymers of the cell
wall in more detail in the sections that follow.

Cellulose Microfibrils Are Synthesized at the
Plasma Membrane
Cellulose is a tightly packed microfibril of linear chains of
(1→4)-linked β-D-glucose (Figure 15.5 and Web Topic 15.1).
Because of the alternating spatial configuration of the glu-
cosidic bonds linking adjacent glucose residues, the repeat-
ing unit in cellulose is considered to be cellobiose, a (1→4)-
linked β-D-glucose disaccharide.

Cellulose microfibrils are of indeterminate length and vary
considerably in width and in degree of order, depending on
the source. For instance, cellulose microfibrils in land plants
appear under the electron microscope to be 5 to 12 nm wide,
whereas those formed by algae may be up to 30 nm wide and
more crystalline. This variety in width corresponds to a vari-
ation in the number of parallel chains that make up the cross
section of a microfibril—estimated to consist of about 20 to
40 individual chains in the thinner microfibrils.

The precise molecular structure of the cellulose microfib-
ril is uncertain. Current models of microfibril organization
suggest that it has a substructure consisting of highly crys-
talline domains linked together by less organized “amor-
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TABLE 15.1
Structural components of plant cell walls 

Class Examples

Cellulose Microfibrils of (1→4)β-D-glucan

Matrix Polysaccharides

Pectins Homogalacturonan
Rhamnogalacturonan
Arabinan 
Galactan

Hemicelluloses Xyloglucan
Xylan
Glucomannan
Arabinoxylan
Callose (1→3)β-D-glucan
(1→3,1→4)β-D-glucan [grasses only]

Lignin (see Chapter 13)

Structural proteins (see Table 15.2)



phous” regions (Figure 15.6). Within the crystalline
domains, adjacent glucans are highly ordered and bonded
to each other by noncovalent bonding, such as hydrogen
bonds and hydrophobic interactions. 

The individual glucan chains of cellulose are composed
of 2000 to more than 25,000 glucose residues (Brown et al.
1996). These chains are long enough (about 1 to 5 µm long)
to extend through multiple crystalline and amorphous
regions within a microfibril. When cellulose is degraded—
for example, by fungal cellulases—the amorphous regions
are degraded first, releasing small crystallites that are
thought to correspond to the crystalline domains of the
microfibril.

The extensive noncovalent bonding between adjacent
glucans within a cellulose microfibril gives this structure
remarkable properties. Cellulose has a high tensile
strength, equivalent to that of steel. Cellulose is also insol-
uble, chemically stable, and relatively immune to chemical
and enzymatic attack. These properties make cellulose an
excellent structural material for building a strong cell wall.

Evidence from electron microscopy indicates that cellu-
lose microfibrils are synthesized by large, ordered protein
complexes, called particle rosettes or terminal complexes,
that are embedded in the plasma membrane (Figure 15.7)
(Kimura et al. 1999). These structures contain many units
of cellulose synthase, the enzyme that synthesizes the
individual (1→4)β-D-glucans that make up the microfib-
ril (see Web Topic 15.2).

Cellulose synthase, which is located on the cytoplasmic
side of the plasma membrane, transfers a glucose residue
from a sugar nucleotide donor to the growing glucan
chain. Sterol-glucosides (sterols linked to a chain of two or
three glucose residues) serve as the primers, or initial
acceptors, to start the growth of the glucan chain (Peng et
al. 2002). The sterol is clipped from the glucan by an
endoglucanase, and the growing glucan chain is then
extruded through the membrane to the exterior of the cell,
where, together with other glucan chains, it crystallizes
into a microfibril and interacts with xyloglucans and other
matrix polysaccharides. 

The sugar nucleotide donor is probably uridine diphos-
phate D-glucose (UDP-glucose). Recent evidence suggests
that the glucose used for the synthesis of cellulose may be
obtained from sucrose (a disaccharide composed of fructose
and glucose) (Amor et al. 1995; Salnikov et al. 2001). Accord-
ing to this hypothesis, the enzyme sucrose synthase acts as
a metabolic channel to transfer glucose taken from sucrose,
via UDP-glucose, to the growing cellulose chain (Figure 15.8). 

After many years of fruitless searching, the genes for
cellulose synthase in higher plants have now been isolated
(Pear et al. 1996; Arioli et al. 1998; Holland et al. 2000; Rich-
mond and Somerville 2000). In Arabidopsis, the cellulose
synthases are part of a large family of proteins whose func-
tion may be to synthesize the backbones of many cell wall
polysaccharides.
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FIGURE 15.5 Conformational structures of sugars com-
monly found in plant cell walls. (A) Hexoses (six-carbon
sugars). (B) Pentoses (five-carbon sugars). (C) Uronic acids
(acidic sugars). (D) Deoxy sugars. (E) Cellobiose (showing
the (1→4)β-D-linkage between two glucose residues in
inverted orientation).



The formation of cellulose involves not only the syn-
thesis of the glucan, but also the crystallization of multiple
glucan chains into a microfibril. Little is known about the
control of this process, except that the direction of microfib-
ril deposition may be guided by microtubules adjacent to
the membrane.

When the cellulose microfibril is synthesized, it is
deposited into a milieu (the wall) that contains a high con-
centration of other polysaccharides that are able to interact
with and perhaps modify the growing microfibril. In vitro
binding studies have shown that hemicelluloses such as
xyloglucan and xylan may bind to the surface of cellulose.
Some hemicelluloses may also become physically en-

trapped within the microfibril during its formation, thereby
reducing the crystallinity and order of the microfibril
(Hayashi 1989).

Matrix Polymers Are Synthesized in the Golgi and
Secreted in Vesicles
The matrix is a highly hydrated phase in which the cellu-
lose microfibrils are embedded. The major polysaccharides
of the matrix are synthesized by membrane-bound
enzymes in the Golgi apparatus and are delivered to the
cell wall via exocytosis of tiny vesicles (Figure 15.9 and
Web Topic 15.3). The enzymes responsible for synthesis are
sugar-nucleotide polysaccharide glycosyltransferases. These
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Wall matrix in which
microfibrils are embedded

(C)

Cellulose-synthesizing
complex in the plasma
membrane

(1→4)b-glucan chains in a
cellulose microfibril

Microfibrils linked
by xyloglucans
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FIGURE 15.7 Cellulose synthesis by the cell. 
(A) Electron micrograph showing newly synthe-
sized cellulose microfibrils immediately exterior
to the plasma membrane. (B) Freeze-fracture
labeled replicas showing reactions with antibod-
ies against cellulose synthase. A field of labeled
rosettes (arrows) with seven clearly labeled
rosettes and one unlabeled rosette. The inset
shows an enlarged view of two selected rosettes
(terminal complexes) with immunogold labels. 
(C) Schematic diagram showing cellulose being
synthesized by membrane synthase 
complex (“rosette”) and its presumed guidance
by the underlying microtubules in the cyto-
plasm.  (A and C from Gunning and Steer 1996
B from Kimura et al. 1999.) 
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enzymes transfer monosaccharides from sugar nucleotides
to the growing end of the polysaccharide chain.

Unlike cellulose, which forms a crystalline microfibril,
the matrix polysaccharides are much less ordered and are
often described as amorphous. This noncrystalline charac-
ter is a consequence of the structure of these polysaccha-
rides—their branching and their nonlinear conformation.
Nevertheless, spectroscopy studies indicate that there is
partial order in the orientation of hemicelluloses and
pectins in the cell wall, probably as a result of a physical
tendency for these polymers to become aligned along the
long axis of cellulose (Séné et al. 1994; Wilson et al. 2000).

Hemicelluloses Are Matrix Polysaccharides That
Bind to Cellulose
Hemicelluloses are a heterogeneous group of polysaccharides
(Figure 15.10) that are bound tightly in the wall. Typically
they are solubilized from depectinated walls by the use of a
strong alkali (1–4 M NaOH). Several kinds of hemicelluloses
are found in plant cell walls, and walls from different tissues
and different species vary in their hemicellulose composition.

In the primary wall of dicotyledons (the best-studied
example), the most abundant hemicellulose is xyloglucan
(see Figure 15.10A). Like cellulose, this polysaccharide has
a backbone of (1→4)-linked β-D-glucose residues. Unlike
cellulose, however, xyloglucan has short side chains that
contain xylose, galactose, and often, though not always, a
terminal fucose. 

By interfering with the linear alignment of the glucan
backbones with one another, these side chains prevent the
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CELL WALL

CYTOPLASM

Cellulose 
synthase

FructoseSucrose
(glucose–
fructose)

Sucrose
synthase

Glucan
chains

UDP-GUDP

Plasma
membrane

FIGURE 15.8 Model of cellulose synthesis by a multisubunit
complex containing cellulose synthase. Glucose residues are
donated to the growing glucan chains by UDP-glucose
(UDP-G). Sucrose synthase may act as a metabolic channel
to transfer glucose taken from sucrose to UDP-glucose, or
UDP-glucose may be obtained directly from the cytoplasm.
(After Delmer and Amor 1995.)

Cell wall

Plasma membrane

Rough
endoplasmic
reticulum

Golgi 
body

Vesicle from Golgi body

Vesicle from ER

Matrix polysaccharides FIGURE 15.9 Scheme for the synthe-
sis and delivery of matrix polysac-
charides to the cell wall. Polysaccha-
rides are synthesized by enzymes in
the Golgi apparatus and then
secreted to the wall by fusion of
membrane vesicles to the plasma
membrane. 
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FIGURE 15.10 Partial structures of
common hemicelluloses. (For details
on carbohydrate nomenclature, see
Web Topic 15.1.) (A) Xyloglucan has
a backbone of (1→4)-linked β-D-glu-
cose (Glc), with (1→6)-linked
branches containing β-D-xylose (Xyl).
In some cases galactose (Gal) and
fucose (Fuc) are added to the xylose
side chains. (B) Glucuronoarabinoxy-
lans have a (1→4)-linked backbone of
β-D-xylose (Xyl). They may also have
side chains containing arabinose
(Ara), 4-O-methyl-glucuronic acid (4-
O-Me-α−D−GlcA), or other sugars.
(From Carpita and McCann 2000.)

assembly of xyloglucan into a crystalline microfibril.
Because xyloglucans are longer (about 50–500 nm) than the
spacing between cellulose microfibrils (20–40 nm), they
have the potential to link several microfibrils together. 

Varying with the developmental state and plant species,
the hemicellulose fraction of the wall may also contain large
amounts of other important polysaccharides—for example,
glucuronoarabinoxylans (see Figure 15.10B) and gluco-
mannans. Secondary walls typically contain less xyloglu-
can and more xylans and glucomannans, which also bind
tightly to cellulose. The cell walls of grasses contain only
small amounts of xyloglucan and pectin, which are replaced
by glucuronoarabinoxylan and (1→3,1→4)β-D-glucan.

Pectins Are Gel-Forming Components 
of the Matrix
Like the hemicelluloses, pectins constitute a heterogeneous
group of polysaccharides (Figure 15.11), characteristically

containing acidic sugars such as galacturonic acid and neu-
tral sugars such as rhamnose, galactose, and arabinose.
Pectins are the most soluble of the wall polysaccharides;
they can be extracted with hot water or with calcium chela-
tors. In the wall, pectins are very large and complex mole-
cules composed of different kinds of pectic polysaccharides.

Some pectic polysaccharides have a relatively simple
primary structure, such as homogalacturonan (see Figure
15.11A). This polysaccharide, also called polygalacturonic
acid, is a (1→4)-linked polymer of α-D-glucuronic acid
residues. Figure 15.12 shows a triple-fluorescence-labeled
section of tobacco stem parenchyma cells showing the dis-
tribution of cellulose and pectic homogalacturonan.

One of the most abundant of the pectins is the complex
polysaccharide rhamnogalacturonan I (RG I), which has a
long backbone and a variety of side chains (see Figure
15.11B). This molecule is very large and is believed to con-
tain highly branched (“hairy”) regions (i.e., with arabinan,
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FIGURE 15.11 Partial structures of the most common pectins.
(A) Homogalacturonan, also known as polygalacturonic acid or
pectic acid, is made up of (1→4)-linked α-D-galacturonic acid
(GalA) with occasional rhamnosyl residues that put a kink in
the chain. The carboxyl residues are often methyl esterified. (B)
Rhamnogalacturonan I (RG I) is a very large and heterogeneous
pectin, with a backbone of alternating (1→4)α-D-galacturonic
acid (GalA) and (1→2)α-D-rhamnose (Rha). Side chains are
attached to rhamnose and are composed principally of arabi-
nans (C), galactans, and arabinogalactans (D). These side chains
may be short or quite long. The galacturonic acid residues are
often methyl esterified. (From Carpita and McCann 2000.)

FIGURE 15.12 Triple-fluorescence-labeled section of tobacco stem show-
ing the primary cell walls of three adjacent parenchyma cells bordering
an intercellular space. The blue color is calcofluor (staining of cellulose),
and the red and green colors indicate the binding of two monoclonal
antibodies to different epitopes (immunologically distinct regions) of
pectic homogalacturonan. (Courtesy of W. Willats.) 
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and galactan side shains) interspersed with unbranched
(“smooth”) regions of homogalacturonan (Figure 15.13A).

Pectic polysaccharides may be very complex. A striking
example is a highly branched pectic polysaccharide called
rhamnogalacturonan II (RG II) (see Figure 15.13C), which con-
tains at least ten different sugars in a complicated pattern of
linkages. Although RG I and RG II have similar names, they
have very different structures. RG II units may be cross-linked

by borate diesters (Ishi et al. 1999) and are important for wall
structure. For example, Arabidopsis mutants that synthesize
an altered RG II that is unable to be cross-linked by borate
show substantial growth abnormalities (O’Neill et al. 2001).

Pectins typically form gels—loose networks formed by
highly hydrated polymers. Pectins are what make fruit jams
and jellies “gel,” or solidify. In pectic gels, the charged car-
boxyl (COO–) groups of neighboring pectin chains are linked
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FIGURE 15.13 Pectin structure. (A)
Proposed structure of rhamnogalacturonan
I, containing highly branched segments
interspersed with nonbranched segments,
and a backbone of rhamnose and galactur-
onic acid. (B) Formation of a pectin net-
work involves ionic bridging of the nones-
terified carboxyl groups (COO–) by calcium
ions. When blocked by methyl-esterified
groups, the carboxyl groups cannot partici-
pate in this type of interchain network for-
mation. Likewise, the presence of side
chains on the backbone interferes with net-
work formation. (C) Structure of rhamno-
galacturonan II (RG II). (B and C from
Carpita and McCann 2000.)



together via Ca2+, which forms
a tight complex with pectin. A
large calcium-bridged net-
work may thus form, as illus-
trated in Figure 15.13B.

Pectins are subject to mod-
ifications that may alter their
conformation and linkage in
the wall. Many of the acidic
residues are esterified with
methyl, acetyl, and other
unidentified groups during biosynthesis in the Golgi appa-
ratus. Such esterification masks the charges of carboxyl
groups and prevents calcium bridging between pectins,
thereby reducing the gel-forming character of the pectin. 

Once the pectin has been secreted into the wall, the ester
groups may be removed by pectin esterases found in the
wall, thus unmasking the charges of the carboxyl groups and
increasing the ability of the pectin to form a rigid gel. By cre-
ating free carboxyl groups, de-esterification also increases the
electric-charge density in the wall, which in turn may influ-
ence the concentration of ions in the wall and the activities of
wall enzymes. In addition to being connected by calcium
bridging, pectins may be linked to each other by various
covalent bonds, including ester linkages between phenolic
residues such as ferulic acid (see Chapter 13).

Structural Proteins Become Cross-Linked 
in the Wall
In addition to the major polysaccharides described in the
previous section, the cell wall contains several classes of
structural proteins. These proteins usually are classified
according to their predominant amino acid composition—
for example, hydroxyproline-rich glycoprotein (HRGP),
glycine-rich protein (GRP), proline-rich protein (PRP), and
so on (Table 15.2). Some wall proteins have sequences that
are characteristic of more than one class. Many structural
proteins of walls have highly repetitive primary structures
and sometimes are highly glycosylated (Figure 15.14).

In vitro extraction studies have shown that newly
secreted wall structural proteins are relatively soluble, but
they become more and more insoluble during cell matu-
ration or in response to wounding. The biochemical
nature of the insolubilization process is uncertain, how-
ever.

Wall structural proteins vary greatly in their abundance,
depending on cell type, maturation, and previous stimula-
tion. Wounding, pathogen attack, and treatment with elic-
itors (molecules that activate plant defense responses; see
Chapter 13) increase expression of the genes that code for
many of these proteins. In histological studies, wall struc-
tural proteins are often localized to specific cell and tissue
types. For example, HRGPs are associated mostly with
cambium, phloem parenchyma, and various types of scle-
renchyma. GRPs and PRPs are most often localized to
xylem vessels and fibers and thus are more characteristic
of a differentiated cell wall.

In addition to the structural proteins already listed, cell
walls contain arabinogalactan proteins (AGPs) which usu-
ally amount to less than 1% of the dry mass of the wall.
These water-soluble proteins are very heavily glycosylated:
More than 90% of the mass of AGPs may be sugar
residues—primarily galactose and arabinose (Figure 15.15)
(Gaspar et al. 2001). Multiple AGP forms are found in plant
tissues, either in the wall or associated with the plasma
membrane, and they display tissue- and cell-specific
expression patterns.
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TABLE 15.2
Structural proteins of the cell wall 

Percentage 
Class of cell wall proteins carbohydrate Localization typically in:

HRGP (hydroxyproline-rich glycoprotein) ~55 Phloem, cambium, sclereids

PRP (proline-rich protein) ~0–20 Xylem, fibers, cortex

GRP (glycine-rich protein) 0 Xylem

Ser Hyp Hyp Hyp Hyp Ser Hyp Ser Hyp Hyp Hyp Hyp Val Tyr

Isodityrosine

Tomato extensin
(extensive glycosylation)

Lys TyrX X X X

O

FIGURE 15.14 A repeated hydroxyproline-rich motif from a molecule of extensin from
tomato, showing extensive glycosylation and the formation of intramolecular isodity-
rosine bonds. (From Carpita and McCann 2000.)



AGPs may function in cell adhesion and in cell signal-
ing during cell differentiation. As evidence for the latter
idea, treatment of suspension cultures with exogenous
AGPs or with agents that specifically bind AGPs is
reported to influence cell proliferation and embryogenesis.
AGPs are also implicated in the growth, nutrition, and
guidance of pollen tubes through stylar tissues, as well as
in other developmental processes (Cheung et al. 1996; Gas-
par et al. 2001). Finally, AGPs may also function as a kind
of polysaccharide chaperone within secretory vesicles to
reduce spontaneous association of newly synthesized poly-
saccharides until they are secreted to the cell wall.

New Primary Walls Are Assembled during
Cytokinesis
Primary walls originate de novo during the final stages of
cell division, when the newly formed cell plate separates
the two daughter cells and solidifies into a stable wall that
is capable of bearing a physical load from turgor pressure.

The cell plate forms when Golgi vesicles and ER cisternae
aggregate in the spindle midzone area of a dividing cell. This
aggregation is organized by the phragmoplast, a complex
assembly of microtubules, membranes, and vesicles that
forms during late anaphase or early telophase (see Chapter
1). The membranes of the vesicles fuse with each other, and
with the lateral plasma membrane, to become the new
plasma membrane separating the daughter cells. The con-
tents of the vesicles are the precursors from which the new
middle lamella and the primary wall are assembled.

After a wall forms, it can grow and mature through a
process that may be outlined as follows:

Synthesis → secretion → assembly →
expansion (in growing cells) →

cross-linking and secondary wall formation

The synthesis and secretion of the major wall polymers
were described earlier. Here we will consider the assembly
and expansion of the wall.

After their secretion into the extracellular space, the wall
polymers must be assembled into a cohesive structure; that
is, the individual polymers must attain the physical
arrangement and bonding relationships that are character-
istic of the wall. Although the details of wall assembly are
not understood, the prime candidates for this process are
self-assembly and enzyme-mediated assembly.

Self-assembly. Self-assembly is attractive because it is
mechanistically simple. Wall polysaccharides possess a
marked tendency to aggregate spontaneously into orga-
nized structures. For example, isolated cellulose may be
dissolved in strong solvents and then extruded to form sta-
ble fibers, called rayon.

Similarly, hemicelluloses may be dissolved in strong
alkali; when the alkali is removed, these polysaccharides
aggregate into concentric, ordered networks that resemble
the native wall at the ultrastructural level. This tendency to
aggregate can make the separation of hemicellulose into its
component polymers technically difficult. In contrast,
pectins are more soluble and tend to form dispersed,
isotropic networks (gels). These observations indicate that
the wall polymers have an inherent ability to aggregate
into partly ordered structures.

Enzyme-mediated assembly. In addition to self-assem-
bly, wall enzymes may take part in putting the wall
together. A prime candidate for enzyme-mediated wall
assembly is xyloglucan endotransglycosylase (XET). This
enzyme has the ability to cut the backbone of a xyloglucan
and to join one end of the cut xyloglucan with the free end
of an acceptor xyloglucan (Figure 15.16). Such a transfer
reaction integrates newly synthesized xyloglucans into the
wall (Nishitani 1997; Thompson and Fry 2001).

Other wall enzymes that might aid in assembly of the
wall include glycosidases, pectin methyl esterases, and
various oxidases. Some glycosidases remove the side
chains of hemicelluloses. This “debranching” activity
increases the tendency of hemicelluloses to adhere to the
surface of cellulose microfibrils. Pectin methyl esterases
hydrolyze the methyl esters that block the carboxyl groups
of pectins. By unblocking the carboxyl groups, these
enzymes increase the concentration of acidic groups on the
pectins and enhance the ability of pectins to form a Ca2+-
bridged gel network.

Oxidases such as peroxidase may catalyze cross-linking
between phenolic groups (tyrosine, phenylalanine, ferulic
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FIGURE 15.15 A highly branched arabinogalactan molecule.
(From Carpita and McCann 2000.)



acid) in wall proteins, pectins, and other wall polymers.
Such phenolic coupling is clearly important for the forma-
tion of lignin cross-links, and it may likewise link diverse
components of the wall together.

Secondary Walls Form in Some Cells after
Expansion Ceases
After wall expansion ceases, cells sometimes continue to syn-
thesize a wall, known as a secondary wall. Secondary walls
are often quite thick, as in tracheids, fibers, and other cells
that serve in mechanical support of the plant (Figure 15.17).

Often such secondary walls are multilayered and differ
in structure and composition from the primary wall. For
example, the secondary walls in wood contain xylans
rather than xyloglucans, as well as a higher proportion of
cellulose. The orientation of the cellulose microfibrils may
be more neatly aligned parallel to each other in secondary

walls than in primary walls. Secondary walls are often (but
not always) impregnated with lignin.

Lignin is a phenolic polymer with a complex, irregular
pattern of linkages that link the aromatic alcohol subunits
together (see Chapter 13). These subunits are synthesized
from phenylalanine and are secreted to the wall, where
they are oxidized in place by the enzymes peroxidase and
laccase. As lignin forms in the wall, it displaces water from
the matrix and forms a hydrophobic network that bonds
tightly to cellulose and prevents wall enlargement (Figure
15.18).

Lignin adds significant mechanical strength to cell walls
and reduces the susceptibility of walls to attack by pathogens.
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Xyloglucan endotransglycosylase (XET)
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FIGURE 15.16 Action of xyloglucan endotransglycosylase
(XET) to cut and stitch xyloglucan polymers into new con-
figurations. Two xyloglucan chains are shown in (A) with
two distinct patterns to emphasize their rearrangement.
XET binds to the middle of one xyloglucan (B), cuts it (C),
and transfers one end to the end of a second xyloglucan
(D, E), resulting in one shorter and one longer xyloglucan
(F). (After Smith and Fry 1991.) 
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FIGURE 15.17 (A) Cross section of a Podocarpus sclereid, in
which multiple layers in the secondary wall are visible. (B)
Diagram of the cell wall organization often found in tra-
cheids and other cells with thick secondary walls. Three
distinct layers (S1, S2, S3) are formed interior to the primary
wall. (Photo ©David Webb.)
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Lignin also reduces the digestibility of plant material by ani-
mals. Genetic engineering of lignin content and structure
may improve the digestibility and nutritional content of
plants used as animal fodder.

PATTERNS OF CELL EXPANSION
During plant cell enlargement, new wall polymers are con-
tinuously synthesized and secreted at the same time that
the preexisting wall is expanding. Wall expansion may be
highly localized (as in the case of tip growth) or evenly dis-
tributed over the wall surface (diffuse growth) (Figure
15.19). Whereas tip growth is characteristic of root hairs
and pollen tubes (see Web Essay 15.1), most of the other
cells in the plant body exhibit diffuse growth. Cells such as
fibers, some sclereids, and trichomes grow in a pattern that
is intermediate between diffuse growth and tip growth.

Even in cells with diffuse growth, however, different
parts of the wall may enlarge at different rates or in differ-
ent directions. For example, in cortical cells of the stem, the
end walls grow much less than side walls. This difference
may be due to structural or enzymatic variations in specific
walls or variations in the stresses borne by different walls.
As a consequence of this uneven pattern of wall expansion,
plant cells may assume irregular forms.

Microfibril Orientation Determines
Growth Directionality of Cells with
Diffuse Growth
During growth, the loosened cell wall is
extended by physical forces generated
from cell turgor pressure. Turgor pres-
sure creates an outward-directed force,
equal in all directions. The directionality
of growth is determined largely by the
structure of the cell wall—in particular,
the orientation of cellulose microfibrils.

When cells first form in the meristem,
they are isodiametric; that is, they have
equal diameters in all directions. If the
orientation of cellulose microfibrils in the
primary cell wall were isotropic (ran-
domly arranged), the cell would grow
equally in all directions, expanding radi-
ally to generate a sphere (Figure 15.20A).

In most plant cell walls, however, the arrangement of cel-
lulose microfibrils is anisotropic (nonrandom).

Cellulose microfibrils are synthesized mainly in the lat-
eral walls of cylindrical, enlarging cells such as cortical and
vascular cells of stems and roots, or the giant internode cells
of the filamentous green alga Nitella. Moreover, the cellulose
microfibrils are deposited circumferentially (transversely) in
these lateral walls, at right angles to the long axis of the cell.
The circumferentially arranged cellulose microfibrils have
been likened to hoops in a barrel, restricting growth in girth
and promoting growth in length (see Figure 15.20B). How-
ever, because individual cellulose microfibrils do not actu-
ally form closed hoops around the cell, a more accurate anal-
ogy would be the glass fibers in fiberglass.

Fiberglass is a complex composite material, composed of
an amorphous resin matrix reinforced by discontinuous
strengthening elements, in this case glass fibers. In complex
composites, rod-shaped crystalline elements exert their
maximum reinforcement of the matrix in the direction par-
allel to their orientation, and their minimum reinforcement
perpendicular to their orientation. The reinforcement of the
wall is greater in the parallel direction because the matrix
must physically scrape along the entire length of the fibers
for lateral displacement to occur. 

328 Chapter 15

Cellulose microfibril
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FIGURE 15.18 Diagram illustrating how the phenolic subunits of lignin infil-
trate the space between cellulose microfibrils, where they become cross-
linked. (Other components of the matrix are omitted from this diagram.) 

(A)  Tip growth

(B)  Diffuse growth

Cell expansion

Marks on
cell surfaceFIGURE 15.19 The cell surface expands differently during

tip growth and diffuse growth. (A) Expansion of a tip-
growing cell is confined to an apical dome at one end of the
cell. If marks are placed on the cell surface and the cell is
allowed to continue to grow, only the marks that were ini-
tially within the apical dome grow farther apart. Root hairs
and pollen tubes are examples of plant cells that exhibit tip
growth. (B) If marks are placed on the surface of a diffuse-
growing cell, the distance between all the marks increases
as the cell grows. Most cells in multicellular plants grow by
diffuse growth.



In contrast, when the material is stretched in the perpen-
dicular direction, the matrix polymers need only slip over
the diameters of the fibrous elements, resulting in little or no
strengthening of the matrix. Because the glass fibers in fiber-
glass are randomly arranged, fiberglass is equally strong in
all directions; that is, it is mechanically isotropic.

Plant cell walls, like fiberglass, are complex composite
materials, composed of an amorphous phase and crys-
talline elements (Darley et al. 2001). Unlike fiberglass, how-
ever, the microfibril strengthening elements of a typical pri-
mary cell wall are transversely oriented, rendering the wall
structurally and mechanically anisotropic. For this reason
growing plant cells tend to elongate, and they increase only
minimally in girth.

Cell wall deposition continues as cells enlarge. Accord-
ing to the multinet hypothesis, each successive wall layer
is stretched and thinned during cell expansion, so the
microfibrils become passively reoriented in the longitudi-
nal direction—that is, in the direction of growth. Successive
layers of microfibrils thus show a gradation in their degree
of reorientation across the thickness of the wall, and those
in the outer layers are longitudinally oriented as a result of
wall stretching (Figure 15.21).

Because of thinning and fragmentation, these outer lay-
ers have much less influence on the direction of cell expan-
sion than do the newly deposited inner layers. The inner

one-fourth of the wall bears nearly all the stress due to tur-
gor pressure and determines the directionality of cell
expansion (see Web Topic 15.4).

Cortical Microtubules Determine the Orientation
of Newly Deposited Microfibrils
Newly deposited cellulose microfibrils and cytoplasmic
microtubules in cell walls usually are coaligned, suggest-
ing that microtubules determine the orientation of cellu-
lose microfibril deposition. The orientation of microtubules
in the cortical cytoplasm, the cytoplasm immediately adja-
cent to the plasma membrane, usually mirrors that of the
newly deposited microfibrils in the adjacent cell wall, and
both are usually coaligned in the transverse direction, at
right angles to the axis of polarity (Figure 15.22). In some
cell types, such as tracheids, the microfibrils in the wall
alternate between transverse and longitudinal orientations,
and in such cases the microtubules are parallel to the
microfibrils of the most recently deposited wall layer.

The main evidence for the involvement of microtubules
in the deposition of cellulose microfibrils is that the orien-
tation of the microfibrils can be perturbed by genetic muta-
tions and certain drugs that disrupt cytoplasmic micro-
tubules. For example, several drugs bind to tubulin, the
subunit protein of microtubules, causing them to depoly-
merize. When growing roots are treated with a micro-
tubule-depolymerizing drug, such as oryzalin, the region
of elongation expands laterally, becoming bulbous and
tumorlike (Figure 15.23).

This disrupted growth is due to the isotropic expansion
of the cells; that is, they enlarge like a sphere instead of
elongating. The drug-induced destruction of microtubules
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(A)  Randomly oriented cellulose microfibrils

(B)  Transverse cellulose microfibrils

FIGURE 15.20 The orientation of newly deposited cellulose
microfibrils determines the direction of cell expansion. (A)
If the cell wall is reinforced by randomly oriented cellulose
microfibrils, the cell will expand equally in all directions,
forming a sphere. (B) When most of the reinforcing cellu-
lose microfibrils have the same orientation, the cell expands
at right angles to the microfibril orientation and is con-
strained in the direction of the reinforcement. Here the
microfibril orientation is transverse, so cell expansion is
longitudinal. 

FIGURE 15.21 The multinet hypothesis for wall extension.
Newly synthesized cellulose microfibrils are continually
deposited on the inner surface of the wall in the transverse
orientation. As cell elongation proceeds, the older outer
wall layers are progressively thinned and weakened, and
their cellulose microfibrils are passively rearranged to a
longitudinal orientation. The wall mechanical properties
are determined by the inner layers. 
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FIGURE 15.22 The orientation of microtubules in the cortical cytoplasm mir-
rors the orientation of newly deposited cellulose microfibrils in the cell wall
of cells that are elongating. (A) The arrangement of microtubules can be
revealed with fluorescently labeled antibodies to the microtubule protein
tubulin. In this differentiating tracheary element from a Zinnia cell suspen-
sion culture, the pattern of microtubules (green) mirrors the orientation of
the cellulose microfibrils in the wall, as shown by calcofluor staining (blue).
(B) The alignment of cellulose microfibrils in the cell wall can sometimes be
seen in grazing sections prepared for electron microscopy, as in this micro-
graph of a developing sieve tube element in a root of Azolla (a water fern).
The longitudinal axis of the root and the sieve tube element runs vertically.
Both the wall microfibrils (double-headed arrows) and the cortical micro-
tubules (single-headed arrows) are aligned transversely. (A courtesy of
Robert W. Seagull; B courtesy of A. Hardham.)

5 µm

(A) (B)

FIGURE 15.23 The disruption of cortical microtubules
results in a dramatic increase in radial cell expansion and a
concomitant decrease in elongation. (A) Root of Arabidopsis
seedling treated with the microtubule-depolymerizing drug
oryzalin (1 mM) for 2 days before this photomicrograph was
taken. The drug has altered the polarity of growth. 

(B) Microtubules were visualized by means of an indirect
immunofluorescence technique and an antitubulin anti-
body. Whereas cortical microtubules in the control are ori-
ented at right angles to the direction of cell elongation, very
few microtubules remain in roots treated with 1 mM oryza-
lin. (From Baskin et al. 1994, courtesy of T. Baskin.) 

(A) (B)

Control 
(no drug 
treatment) 1 mM Oryzalin

Control (no drug 
treatment)1 mM Oryzalin



in the growing cells also disrupts the transverse orientation
of cellulose microfibrils in the most recently deposited lay-
ers of the wall. Cell wall deposition continues in the
absence of microtubules, but the cellulose microfibrils are
deposited randomly and the cells expand equally in all
directions. Since the antimicrotubule drugs specifically tar-
get the microtubules, these results suggest that micro-
tubules act as guides for the orientation of cellulose
microfibril deposition.

THE RATE OF CELL ELONGATION
Plant cells typically expand 10- to 100-fold in volume
before reaching maturity. In extreme cases, cells may
enlarge more than 10,000-fold in volume (e.g., xylem ves-
sel elements). The cell wall typically undergoes this pro-
found expansion without losing its mechanical integrity
and without becoming thinner. Thus, newly synthesized
polymers are integrated into the wall without destabilizing
it. Exactly how this integration is accomplished is uncer-
tain, although self-assembly and xyloglucan endotransg-
lycosylase (XET) play important roles, as already described.

This integrating process may be particularly critical for
rapidly growing root hairs, pollen tubes, and other special-
ized cells that exhibit tip growth, in which the region of wall
deposition and surface expansion is localized to the hemi-
spherical dome at the apex of the tubelike cell, and cell
expansion and wall deposition must be closely coordinated.

In rapidly growing cells with tip growth, the wall dou-
bles its surface area and is displaced to the nonexpanding
part of the cell within minutes. This is a much greater rate
of wall expansion than is typically found in cells with dif-
fuse growth, and tip-growing cells are therefore suscepti-
ble to wall thinning and bursting. Although diffuse growth
and tip growth appear to be different growth patterns, both
types of wall expansion must have analogous, if not iden-
tical, processes of polymer integration, stress relaxation,
and wall polymer creep.

Many factors influence the rate of cell wall expansion.
Cell type and age are important developmental factors. So,
too, are hormones such as auxin and gibberellin. Environ-
mental conditions such as light and water availability may
likewise modulate cell expansion. These internal and exter-
nal factors most likely modify cell expansion by loosening
the cell wall so that it yields (stretches irreversibly). In this
context we speak of the yielding properties of the cell wall.

In this section we will first examine the biomechanical and
biophysical parameters that characterize the yielding prop-
erties of the wall. For cells to expand at all, the rigid cell wall
must be loosened in some way. The type of wall loosening
involved in plant cell expansion is termed stress relaxation.

According to the acid growth hypothesis for auxin action
(see Chapter 19), one mechanism that causes wall stress
relaxation and wall yielding is cell wall acidification, result-
ing from proton extrusion across the plasma membrane.

Cell wall loosening is enhanced at acidic pH. A little later
we will explore the biochemical basis for acid-induced wall
loosening and stress relaxation, including the role of a spe-
cial class of wall-loosening proteins called expansins.

As the cell approaches its maximum size, its growth rate
diminishes and finally ceases altogether. At the end of this
section we will consider the process of cell wall rigidifica-
tion that leads to the cessation of growth.

Stress Relaxation of the Cell Wall Drives Water
Uptake and Cell Elongation
Because the cell wall is the major mechanical restraint that
limits cell expansion, much attention has been given to its
physical properties. As a hydrated polymeric material, the
plant cell wall has physical properties that are intermedi-
ate between those of a solid and those of a liquid. We call
these viscoelastic, or rheological (flow), properties. Grow-
ing-cell walls are generally less rigid than walls of non-
growing cells, and under appropriate conditions they
exhibit a long-term irreversible stretching, or yielding, that
is lacking or nearly lacking in nongrowing walls.

Stress relaxation is a crucial concept for understanding how
cell walls enlarge (Cosgrove 1997). The term stress is used
here in the mechanical sense, as force per unit area. Wall
stresses arise as an inevitable consequence of cell turgor. The
turgor pressure in growing plant cells is typically between 0.3
and 1.0 MPa. Turgor pressure stretches the cell wall and gen-
erates a counterbalancing physical stress or tension in the
wall. Because of cell geometry (a large pressurized volume
contained by a thin wall), this wall tension is equivalent to 10
to 100 MPa of tensile stress—a very large stress indeed.

This simple fact has important consequences for the
mechanics of cell enlargement. Whereas animal cells can
change shape in response to cytoskeleton-generated forces,
such forces are negligible compared with the turgor-gener-
ated forces that are resisted by the plant cell wall. To change
shape, plant cells must thus control the direction and rate of
wall expansion, which they do by depositing cellulose in a
biased orientation (which determines the directionality of
cell wall expansion) and by selectively loosening the bond-
ing between cell wall polymers. This biochemical loosening
enables the wall polymers to slip by each other, thereby
increasing the wall surface area. At the same time, such
loosening reduces the physical stress in the wall.

Wall stress relaxation is crucial because it allows growing
plant cells to reduce their turgor and water potentials, which
enables them to absorb water and to expand. Without stress
relaxation, wall synthesis would only thicken the wall, not
expand it. During secondary-wall deposition in nongrow-
ing cells, for example, stress relaxation does not occur.

The Rate of Cell Expansion Is Governed By Two
Growth Equations
When plant cells enlarge before maturation, the increase in
volume is generated mostly by water uptake. This water
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ends up mainly in the vacuole, which takes up an ever larger
proportion of the cell volume as the cell grows. Here we will
describe how growing cells regulate their water uptake and
how this uptake is coordinated with wall yielding.

Water uptake by growing cells is a passive process.
There are no active water pumps; instead the growing cell
is able to lower the water potential inside the cell so that
water is taken up spontaneously in response to a water
potential difference, without direct energy expenditure.

We define the water potential difference, ∆Yw
(expressed in megapascals), as the water potential outside
the cell minus the water potential inside (see Chapters 3
and 4). The rate of uptake also depends on the surface area
of the cell (A, in square meters) and the permeability of the
plasma membrane to water (Lp, in meters per second per
megapascal). 

Membrane Lp is a measure of how readily water crosses
the membrane, and it is a function of the physical structure
of the membrane and the activity of aquaporins (see Chap-
ter 3). Thus we have the rate of water uptake in volume
units: ∆V/∆t, expressed in cubic meters per second.
Assuming that a growing cell is in contact with pure water
(with zero water potential), then

Rate of water uptake = A × Lp (∆Yw)
= A × Lp (Yo – Yi)

(15.1)

This equation states that the rate of water uptake depends
only on the cell area, membrane permeability to water, cell
turgor, and osmotic potential.

Equation 15.1 is valid for both growing and nongrow-
ing cells in pure water. But how can we account for the
fact that growing cells can continue to take up water for
a long time, whereas nongrowing cells soon cease water
uptake?

In a nongrowing cell, water absorption increases cell vol-
ume, causing the protoplast to push harder against the cell
wall, thereby increasing cell turgor pressure, Yp. This increase
in Yp would increase cell water potential Yw, quickly bring-
ing ∆Yw to zero. Water uptake would then cease.

In a growing cell, ∆Yw is prevented from reaching zero
because the cell wall is “loosened”: It yields irreversibly to
the forces generated by turgor and thereby reduces simul-
taneously the wall stress and the cell turgor. This process is
called stress relaxation, and it is the crucial physical dif-
ference between growing and nongrowing cells.

Stress relaxation can be understood as follows. In a
turgid cell, the cell contents push against the wall, causing
the wall to stretch elastically (i.e., reversibly) and giving rise
to a counterforce, a wall stress. In a growing cell, biochem-
ical loosening enables the wall to yield inelastically (irre-
versibly) to the wall stress. Because water is nearly incom-
pressible, only an infinitesimal expansion of the wall is
needed to reduce cell turgor pressure and, simultaneously,
wall stress. Thus, stress relaxation is a decrease in wall stress
with nearly no change in wall dimensions.

As a consequence of wall stress relaxation, the cell water
potential is reduced and water flows into the cell, causing
a measurable extension of the cell wall and increasing cell
surface area and volume. Sustained growth of plant cells
entails simultaneous stress relaxation of the wall (which
tends to reduce turgor pressure) and water absorption
(which tends to increase turgor pressure).

Empirical evidence has shown that wall relaxation and
expansion depend on turgor pressure. As turgor is
reduced, wall relaxation and growth slow down. Growth
usually ceases before turgor reaches zero. The turgor value
at which growth ceases is called the yield threshold (usu-
ally represented by the symbol Y). This dependence of cell
wall expansion on turgor pressure is embodied in the fol-
lowing equation:

GR = m(Yp – Y) (15.2)

where GR is the cell growth rate, and m is the coefficient that
relates growth rate to the turgor in excess of the yield thresh-
old. The coefficient m is usually called wall extensibility and
is the slope of the line relating growth rate to turgor pressure.

Under conditions of steady-state growth, GR in Equa-
tion 15.2 is the same as the rate of water uptake in Equation
15.1. That is, the increase in the volume of the cell equals
the volume of water taken up. The two equations are plot-
ted in Figure 15.24. Note that the two processes of wall
expansion and water uptake show opposing reactions to a
change in turgor. For example, an increase in turgor
increases wall extension but reduces water uptake. Under
normal conditions, the turgor is dynamically balanced in a
growing cell exactly at the point where the two lines inter-
sect. At this point both equations are satisfied, and water
uptake is exactly matched by enlargement of the wall
chamber.

This intersection point in Figure 15.24 is the steady-state
condition, and any deviations from this point will cause
transient imbalances between the processes of water
uptake and wall expansion. The result of these imbalances
is that turgor will return to the point of intersection, the
point of dynamic steady state for the growing cell.

The regulation of cell growth—for example, by hor-
mones or by light—typically is accomplished by regulation
of the biochemical processes that regulate wall loosening
and stress relaxation. Such changes can be measured as a
change in m or in Y.

The water uptake that is induced by wall stress relax-
ation enlarges the cell and tends to restore wall stress and
turgor pressure to their equilibrium values, as we have
shown. However, if growing cells are physically prevented
from taking up water, wall relaxation progressively reduces
cell turgor. This situation may be detected, for example, by
turgor measurements with a pressure probe or by water
potential measurements with a psychrometer or a pressure
chamber (see Web Topic 3.6). Figure 15.25 shows the results
of such an experiment.
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Acid-Induced Growth Is Mediated by Expansins

An important characteristic of growing cell walls is that
they extend much faster at acidic pH than at neutral pH
(Rayle and Cleland 1992). This phenomenon is called acid
growth. In living cells, acid growth is evident when grow-
ing cells are treated with acid buffers or with the drug

fusicoccin, which induces acidification of the cell wall solu-
tion by activating an H+-ATPase in the plasma membrane. 

An example of acid-induced growth can be found in the
initiation of the root hair, where the local wall pH drops to
a value of 4.5 at the time when the epidermal cell begins to
bulge outward (Bibikova et al. 1998). Auxin-induced
growth is also associated with wall acidification, but it is
probably not sufficient to account for the entire growth
induction by this hormone (see Chapter 19), and other
wall-loosening processes may be involved. Recent work,
for example, implicates the production of hydroxyl radicals
in wall loosening during auxin-induced growth (Schopfer
2001). Nevertheless, this pH-dependent mechanism of wall
extension appears to be an evolutionarily conserved
process common to all land plants (Cosgrove 2000) and
involved in a variety of growth processes.

Acid growth may also be observed in isolated cell walls,
which lack normal cellular, metabolic, and synthetic
processes. Such observation requires the use of an exten-
someter to put the walls under tension and to measure the
pH-dependent wall creep (Figure 15.26).

The term creep refers to a time-dependent irreversible
extension, typically the result of slippage of wall polymers
relative to one another. When growing walls are incubated
in neutral buffer (pH 7) and clamped in an extensometer,
the walls extend briefly when tension is applied, but exten-
sion soon ceases. When transferred to an acidic buffer (pH
5 or less), the wall begins to extend rapidly, in some
instances continuing for many hours.

This acid-induced creep is characteristic of walls from
growing cells, but it is not observed in mature (nongrow-
ing) walls. When walls are pretreated with heat, proteases,
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FIGURE 15.24 Graphic representation of the
two equations that relate water uptake and
cell expansion to cell turgor pressure and cell
water potential. The values for the rates of
cell expansion and water uptake are arbi-
trary. Steady-state growth is attained only at
the point where the two equations intersect.
Any imbalance between water uptake and
wall expansion will result in changes in cell
turgor and bring the cell back to this stable
point of intersection between the two
processes.
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FIGURE 15.25 Reduction of cell turgor pressure (water
potential) by stress relaxation. In this experiment, the
excised stem segments from growing pea seedlings were
incubated in solution with or without auxin, then blotted
dry and sealed in a humid chamber. Cell turgor pressure
(P) was measured at various time points. The segments
treated with auxin rapidly reduced their turgor to the yield
threshold (Y), as a result of rapid wall relaxation. The seg-
ments without auxin showed a slower rate of relaxation.
The control segments were treated the same as the group
treated with auxin, except that they remained in contact
with a drop of water, which prevented wall relaxation.
(After Cosgrove 1985.)



or other agents that denature proteins, they lose their acid
growth ability. Such results indicate that acid growth is not
due simply to the physical chemistry of the wall (e.g., a
weakening of the pectin gel), but is catalyzed by one or
more wall proteins.

The idea that proteins are required for acid growth was
confirmed in reconstitution experiments, in which heat-
inactivated walls were restored to nearly full acid growth
responsiveness by addition of proteins extracted from grow-
ing walls (Figure 15.27). The active components proved to
be a group of proteins that were named expansins
(McQueen-Mason et al. 1992; Li et al. 1993). These proteins
catalyze the pH-dependent extension and stress relaxation
of cell walls. They are effective in catalytic amounts (about
1 part protein per 5000 parts wall, by dry weight).

The molecular basis for expansin action on wall rheol-
ogy is still uncertain, but most evidence indicates that
expansins cause wall creep by loosening noncovalent adhe-
sion between wall polysaccharides (Cosgrove 2000; Li and
Cosgrove 2001). Binding studies suggest that expansins
may act at the interface between cellulose and one or more
hemicelluloses.

With the completion of the Arabidopsis genome, we now
know that Arabidopsis has a large collection of expansin
genes, divided into two families: α-expansins and β-
expansins. The two kinds of expansins act on different
polymers of the cell wall (Cosgrove 2000). β-expansins
have also been found in grass pollen, where they probably
function to aid pollen tube penetration into the stigma and
style (Li and Cosgrove 2001).

Glucanases and Other Hydrolytic Enzymes May
Modify the Matrix
Several types of experiments implicate (1→4)β-D-glucanases
in cell wall loosening, especially during auxin-induced cell
elongation (see Chapter 19). For example, matrix glucans
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such as xyloglucan show enhanced hydrolysis and turnover
in excised segments when growth is stimulated by auxin.
Interference with this hydrolytic activity by antibodies or
lectins reduces growth in excised segments. 

Expression of (1→4)β-D-glucanases is associated with
growing tissues, and application of glucanases to cells in
vitro may stimulate growth. Such results support the idea
that wall stress relaxation and expansion are the direct
result of the activity of glucanases that digest xyloglucan
in dicotyledons or (1→3,1→4)β-D-glucans in grass cell walls
(Hoson 1993).

However, most glucanases and related wall hydrolases
do not cause walls to extend in the same way that
expansins do. Instead, treatment of walls with glucanases
or pectinases may enhance the subsequent extension
response to expansins (Cosgrove and Durachko 1994).
These results suggest that wall hydrolytic enzymes such as
(1→4)β-D-glucanases are not the principal catalysts of wall
expansion, but they may act indirectly by modulating
expansin-mediated polymer creep. 

Xyloglucan endotransglycosylase has also been sug-
gested as a potential wall-loosening enzyme. XET helps
integrate newly secreted xyloglucan into the existing wall
structure, but its function as a wall-loosening agent is still
speculative. 

Many Structural Changes Accompany the
Cessation of Wall Expansion
The growth cessation that occurs during cell maturation is
generally irreversible and is typically accompanied by a
reduction in wall extensibility, as measured by various bio-
physical methods. These physical changes in the wall might
come about by (1) a reduction in wall-loosening processes,
(2) an increase in wall cross-linking, or (3) an alteration in
the composition of the wall, making for a more rigid struc-
ture or one less susceptible to wall loosening. There is some
evidence for each of these ideas (Cosgrove 1997).

Several modifications of the maturing wall may con-
tribute to wall rigidification:

• Newly secreted matrix polysaccharides may be
altered in structure so as to form tighter complexes
with cellulose or other wall polymers, or they may be
resistant to wall-loosening activities.

• Removal of mixed-link β-D-glucans is also coincident
with growth cessation in these walls.

• De-esterification of pectins, leading to more rigid
pectin gels, is similarly associated with growth cessa-
tion in both grasses and dicotyledons.

• Cross-linking of phenolic groups in the wall (such as
tyrosine residues in HRGPs, ferulic acid residues
attached to pectins, and lignin) generally coincides
with wall maturation and is believed to be mediated
by peroxidase, a putative wall rigidification enzyme.

Many structural changes occur in the wall during and
after cessation of growth, and it has not yet been possible
to identify the significance of individual processes for ces-
sation of wall expansion.

WALL DEGRADATION AND PLANT DEFENSE

The plant cell wall is not simply an inert and static exoskele-
ton. In addition to acting as a mechanical restraint, the wall
serves as an extracellular matrix that interacts with cell sur-
face proteins, providing positional and developmental
information. It contains numerous enzymes and smaller
molecules that are biologically active and that can modify
the physical properties of the wall, sometimes within sec-
onds. In some cases, wall-derived molecules can also act as
signals to inform the cell of environmental conditions, such
as the presence of pathogens. This is an important aspect of
the defense response of plants (see Chapter 13).

Walls may also be substantially modified long after
growth has ceased. For instance, the cell wall may be mas-
sively degraded, such as occurs in ripening fruit or in the
endosperm of germinating seeds. In cells that make up the
abscission zones of leaves and fruits (see Chapter 22), the
middle lamella may be selectively degraded, with the
result that the cells become unglued and separate. Cells
may also separate selectively during the formation of inter-
cellular air spaces, during the emergence of the root from
germinating seeds, and during other developmental
processes. Plant cells may also modify their walls during
pathogen attack as a form of defense.

In the sections that follow we will consider two types of
dynamic changes that can occur in mature cell walls:
hydrolysis and oxidative cross-linking. We will also discuss
how fragments of the cell wall released during pathogen
attack, or even during normal cell wall turnover, may act as
cellular signals that influence metabolism and development.

Enzymes Mediate Wall Hydrolysis and
Degradation
Hemicelluloses and pectins may be modified and broken
down by a variety of enzymes that are found naturally in
the cell wall. This process has been studied in greatest
detail in ripening fruit, in which softening is thought to be
the result of disassembly of the wall (Rose and Bennett
1999). Glucanases and related enzymes may hydrolyze the
backbone of hemicelluloses. Xylosidases and related
enzymes may remove the side branches from the backbone
of xyloglucan. Transglycosylases may cut and join hemi-
celluloses together. Such enzymatic changes may alter the
physical properties of the wall, for example, by changing
the viscosity of the matrix or by altering the tendency of the
hemicelluloses to stick to cellulose.

Messenger RNAs for expansin are expressed in ripen-
ing tomato fruit, suggesting that they play a role in wall
disassembly (Rose et al. 1997). Similarly, softening fruits
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express high levels of pectin methyl esterase,
which hydrolyzes the methyl esters from
pectins. This hydrolysis makes the pectin more
susceptible to subsequent hydrolysis by pecti-
nases and related enzymes. The presence of
these and related enzymes in the cell wall indi-
cates that walls are capable of significant mod-
ification during development.

Oxidative Bursts Accompany Pathogen
Attack
When plant cells are wounded or treated with
certain low-molecular-weight elicitors (see
Chapter 13), they activate a defense response
that results in the production of high concen-
trations of hydrogen peroxide, superoxide
radicals, and other active oxygen species in
the cell wall. This “oxidative burst” appears to
be part of a defense response against invading
pathogens (see Chapter 13) (Brisson et al. 1994;
Otte and Barz 1996).

Active oxygen species may directly attack
the pathogenic organisms, and they may indi-
rectly deter subsequent invasion by the path-
ogenic organisms by causing a rapid cross-
linking of phenolic components of the cell
wall. In tobacco stems, for example, proline-
rich structural proteins of the wall become rapidly insolu-
bilized upon wounding or elicitor treatment, and this
cross-linking is associated with an oxidative burst and
with a mechanical stiffening of the cell walls.

Wall Fragments Can Act as Signaling Molecules
Degradation of cell walls can result in the production of
biologically active fragments 10 to 15 residues long, called
oligosaccharins, that may be involved in natural devel-
opmental responses and in defense responses (see Web
Topic 15.5). Some of the reported physiological and devel-
opmental effects of oligosaccharins include stimulation of
phytoalexin synthesis, oxidative bursts, ethylene synthe-
sis, membrane depolarization, changes in cytoplasmic cal-
cium, induced synthesis of pathogen-related proteins such
as chitinase and glucanase, other systemic and local
“wound” signals, and alterations in the growth and mor-
phogenesis of isolated tissue samples (John et al. 1997).

The best-studied examples are oligosaccharide elicitors
produced during pathogen invasion (see Chapter 13). For
example, the fungus Phytophthora secretes an endopoly-
galacturonase (a type of pectinase) during its attack on plant
tissues. As this enzyme degrades the pectin component of
the plant cell wall, it produces pectin fragments—oli-
gogalacturonans—that elicit multiple defense responses by
the plant cell (Figure 15.28). The oligogalacturonans that are
10 to 13 residues long are most active in these responses. 

Plant cell walls also contain a β-D-glucanase that attacks
the β-D-glucan that is specific to the fungal cell wall. When

this enzyme attacks the fungal wall, it releases glucan
oligomers with potent elicitor activity. The wall compo-
nents serve in this case as part of a sensitive system for the
detection of pathogen invasion.

Oligosaccharins may also function during the normal
control of cell growth and differentiation. For example, a
specific nonasaccharide (an oligosaccharide containing
nine sugar residues) derived from xyloglucan has been
found to inhibit growth promotion by the auxin 2,4-
dichlorophenoxyacetic acid (2,4-D). The nonasaccharide
acts at an optimal concentration of 10–9 M. This xyloglu-
can oligosaccharin may act as a feedback inhibitor of
growth; for example, when auxin-induced breakdown of
xyloglucan is maximal, it may prevent excessive weaken-
ing of the cell wall. Related xyloglucan oligomers have
also been reported to influence organogenesis in tissue cul-
tures and may play a wider role in cell differentiation
(Creelman and Mullet 1997).

SUMMARY
The architecture, mechanics, and function of plants depend
crucially on the structure of the cell wall. The wall is
secreted and assembled as a complex structure that varies
in form and composition as the cell differentiates. Primary
cell walls are synthesized in actively growing cells, and sec-
ondary cell walls are deposited in certain cells, such as
xylem vessel elements and sclerenchyma, after cell expan-
sion ceases.
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The basic model of the primary wall is a network of cel-
lulose microfibrils embedded in a matrix of hemicelluloses,
pectins, and structural proteins. Cellulose microfibrils are
highly ordered arrays of glucan chains synthesized on the
membrane by protein complexes called particle rosettes.
The genes for cellulose synthase in plants have recently
been identified, bringing the realization that a large gene
family encodes these and related proteins. The matrix is
secreted into the wall via the Golgi apparatus. Hemicellu-
loses and proteins cross-link microfibrils, and pectins form
hydrophilic gels that can become cross-linked by calcium
ions. Wall assembly may be mediated by enzymes. For
example, xyloglucan endotransglycosylase has the ability
to carry out transglycosylation reactions that integrate
newly synthesized xyloglucans into the wall.

Secondary walls differ from primary walls in that they
contain a higher percentage of cellulose, they have different
hemicelluloses, and lignin replaces pectins in the matrix. Sec-
ondary walls can also become highly thickened, sculpted,
and embedded with specialized structural proteins.

In diffuse-growing cells, growth directionality is deter-
mined by wall structure, in particular the orientation of the
cellulose microfibrils, which in turn is determined by the
orientation of microtubules in the cytoplasm. Upon leav-
ing the meristem, plant cells typically elongate greatly. Cell
enlargement is limited by the ability of the cell wall to
undergo polymer creep, which in turn is controlled in a
complex way by the adhesion of wall polymers to one
another and by the influence of pH on wall-loosening pro-
teins such as expansins, glucanases, and other enzymes. 

According to the acid growth hypothesis, proton extru-
sion by the plasma membrane H+-ATPase acidifies the
wall, activating the protein expansin. Expansins induce
stress relaxation of the wall by loosening the bonds hold-
ing microfibrils together. The cessation of cell elongation
appears to be due to cell wall rigidification caused by an
increase in the number of cross-links.

Hydrolytic enzymes may degrade mature cell walls
completely or selectively during fruit ripening, seed ger-
mination, and the formation of abscission layers. Cell walls
can also undergo oxidative cross-linking in response to
pathogen attack. In addition, pathogen attack may release
cell wall fragments, and certain wall fragments have been
shown to be capable of acting as cell signaling agents.

Web Material

Web Topics
15.1 Terminology for Polysaccharide Chemistry

A brief review of terms used to describe the
structures, bonds, and polymers in polysaccha-
ride chemistry is provided.

15.2 Molecular Model for the Synthesis of
Cellulose and Other Wall Polysaccharides
That Consist of a Disaccharide Repeat

A model is presented for the polymerization of
cellubiose units into glucan chains by the
enzyme cellulose synthase.

15.3 Matrix Components of the Cell Wall

The secretion of xyloglucan and glycosylated
proteins by the Golgi can be demonstrated at
the ultrastructural level.

15.4 The Mechanical Properties of Cell Walls:
Studies with Nitella

Experiments demonstrating that the inner 25%
of the cell wall determines the directionality of
cell expansion are described.

15.5 Structure of Biologically Active Oligosac-
charins

Some cell wall fragments have been demon-
strated to have biological activity.

Web Essay
15.1 Calcium Gradients and Oscillations in

Growing Pollen Tube

The role of calcium in regulating pollen tube tip
growth is described.
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