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Abstract. The role of Ca as an intracellular messenger is beginning to be unraveled 
as a result of recent research on calmodulin, a ubiquitous protein that binds Ca ions 
and regulates various biochemical processes in plants. Experimental evidence suggests 
that certain cell functions in plants are regulated, in part, by Ca and calmodulin. 
Changes in cell wall rigidity, membrane permeability, and enzyme activation are known 
to influence various aspects of cell physiology and have a significant influence on the 
growth and development of plants. Deficiency of Ca is known to induce physiological 
disorders in fruit and vegetables. We hope that this article will stimulate further studies 
and provide new insights into how these problems may be controlled. The role of Ca 
ions in signal transduction and cell function is beginning to be understood at the 
molecular level, and we have embarked on a new phase of the old subject of mineral 
nutrition, especially as it applies to Ca and plant growth and development.

It is well known that Ca plays an impor­
tant role in plant growth and development. 
Physiological studies have shown that the soil 
solution must contain 1 to 5 him Ca or growth 
would decline, with necrosis of the apical 
meristems (22). Calcium is essential for 
growth because both cell division and cell 
elongation require it (7, 35, 38, 48, 49, 54, 
57). Calcium ions also are known to play an 
important role in the intricate network of in­
teractions which controls the growth and de­
velopment of plants (22, 32). Classical 
documentation of this fact has been dem­
onstrated in physiological disorders caused 
by inadequate Ca (4, 13, 17, 19, 26, 60, 61, 
62). Recent investigations have shown that 
there are changes in the intra- or intercellular 
distribution of Ca in response to various 
stimuli such as light and gravity (8, 38, 57, 
69) and also suggest that changes in Ca dis­
tribution occur soon after the stimulus is per­
ceived and before any macroscopic response 
is detected (57).

One of the unique properties of Ca is that 
there is little or no redistribution following
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accumulation (22, 25). Many experiments 
provide the evidence that plants must be sup­
plied continuously with Ca since the internal 
Ca is not redistributed to zones of new growth. 
For example, root tips require a continuous 
supply of Ca for their meristematic activity. 
A temporary cessation in the Ca supply can 
disrupt cell division and may cause death of 
roots.

For plants to function and adapt efficiently 
to the changing environment, cells must 
communicate with one another. All higher 
plants have built-in regulatory mechanisms 
which can be controlled in response to ex­
ternal and internal stimuli, such as gravity, 
light, and hormones. It is becoming increas­
ingly evident that Ca ions are important in­
tracellular messengers in plants. Since the 
discovery of calmodulin in mammalian sys­

tems (see 9, 10, 11 for reviews.), it is now 
clear that the Ca messages often are relayed 
by calmodulin, a ubiquitous Ca-binding pro­
tein. Information gathered from animal sys­
tems indicates that hormonal and neural 
stimuli are the 2 most important means by 
which individual cells respond to the signals 
from the rest of the organism. The signal 
received on the surface of the cell is com­
municated to the internal metabolic machin­
ery of the cell by the second messengers, 
such as cyclic AMP (cAMP) and Ca (55, 
56). Cyclic AMP is present in plants, but, 
in all probability, it is not a 2nd messenger 
(6). Therefore, there is increasing interest in 
defining the possible role of Ca as a 2nd 
messenger in plants (37, 38). Plant physiol­
ogists are trying to establish a similar role 
for Ca, and increasing evidence suggests that 
Ca fulfills all the criteria as a 2nd messenger 
in plants.

Importance of Ca
Calcium has desirable effects on plant 

growth and development (31,32, 48, 49, 50, 
58). Calcium treatment delays ripening, se­
nescence (45, 46, 64), and abscission (47, 
52, 53) improves fruit and vegetable quality 
(3, 4, 20, 27, 36), alters geotropic response 
(29), a-amylase secretion (28), photosyn­
thesis (5), and other processes such as cell 
division (7), cytoplasmic streaming (68) and 
cell enlargement (see 33 for review). Many 
physiological disorders of storage organs, such 
as bitter pit in apples (17, 51, 61, 62), blos­
som end rot in tomatoes, tip burn in lettuce, 
and hollow heart in potatoes are related to 
the Ca content of the tissue (3, 4, 14). In­
creasing tissue Ca levels usually diminish the 
occurrence of these disorders. Calcium is es­
sential to maintain structural integrity of 
membranes and cell walls (33, 43, 44, 50).
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Fig. 1. Diagram illustrating the mechanism by which camlodulin mediates the biological action of Ca 
ions in plants. The first step involves the bindng of 4 Ca ions with the calmodulin molecule, thereby 
activating it. The activated calmodulin binds to the receptor protein (enzyme) and this leads to the 
active calmodulin-Ca-enzyme complex and the response is induced. If calmodulin antagonists are 
present (top arrow), the antagonists bind to the Ca-calmodulin complex, thus blocking the calmodulin 
response.
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Fig. 2. Control of cellular functions by calmodulin. NAD-kinase synthesizes NADP from the cofactor 
NAD. Calcium-ATPase is the molecular pump that transports Ca ions from the cytosol to the “ calcium 
stores” . Protein kinases phosphorylate various proteins in a calcium- and calmodulin-dependent 
manner and it is emerging as the major, general mechanism by which calcium and calmodulin regulate 
biochemical events inside the cell in response to hormones and external stimuli. Other enzymes such 
as isofloridoside phosphate synthase and quinate: NAD" oxidoreductase are also known to be acti­
vated by calmodulin.

Under conditions of Ca deficiency, mem­
branes become leaky, cellular compartmen- 
tation is lost (35), and Ca cross-linkage with 
the pectin in the middle lamella is affected. 
The importance of Ca in cell to cell adhesion 
is well recognized. The cementing effect is 
due primarily to the Ca pectate of the middle 
lamella laid down during cytokinesis (22). 
As cells grow, the area of surface contact 
between them increases greatly, and the need 
for constant supply of Ca becomes critical.

Aluminum toxicity in plants is of global 
interest since A1 is the most abundant metal 
in the earth’s crust. In acidic soils, A1 be­
comes active, moving into plant roots. It is 
estimated that 40% of the arable soils of the 
world is acidic, and plants therefore are sub­
ject to A1 toxicity (23). In the southeastern 
part of the United States, peach tree short 
life is related to Al-Ca availability or dis­
placement. At low pH, A1 ions interfere with 
Ca entry and/or uptake which is considered 
one of the several reasons for peach tree short 
life. Recently Siegel and Haug (63) have put 
forward a hypothesis indicating a complex 
formation between calmodulin and A1 ions 
may be a key factor in A1 toxicity. The toxic 
effects exerted by A1 are known to interfere 
with Ca metabolism. Since calmodulin has 
been recognized as a multifunctional, Ca- 
dependent, regulatory protein for a variety 
of cellular responses (9, 10, 11), A1 induced 
changes of calmodulin structure and function 
would therefore have severe repercussions 
on a multitude of cellular functions (see 23 
for review).

In most plants, the bulk of the Ca is found 
in the apoplastic compartment, primarily 
complexed with cell wall moieties and the 
plasma membrane, in vacuoles and in other 
cytoplasmic organelles, such as mitochon­
dria and endoplasmic reticulum where it is 
sequestered as salts of phosphate and various 
organic acids (12). The surface of the living 
cell can accommodate a rather wide variation 
in the composition and pH of the apoplastic 
solution only when there is adequate Ca in 
the free space. Concentrations of 1 to 5 mM 
Ca are required to protect the plasma mem­
brane from the deleterious effects of low pH, 
salinity, toxic ions, and nutrient imbalance 
(22). Without such protection, the plasma 
membrane fails to discriminate between ions, 
the proton pump becomes disfunctional, and 
senescence is accelerated (43, 45, 46).

Cytosolic Ca and its roles
In plants, as in anim als, the level of free 

Ca in the cytosol is relatively low, in the 
range of 10'8 to 10'6m (9, 10, 11, 22). In 
contrast, vacuoles and other organelles are 
known to accumulate large quantities of Ca. 
Vacuolar Ca is separated from cellular me­
tabolism as chelates and precipitates of or­
ganic acids such a oxalate and phosphate (22). 
Mitochondria have been found to contain as 
much as 700 nmole Ca/mg mitochondrial 
protein (16). Thus, an important point is that 
the free metabolically available Ca in the cy­
tosol is in micromolar concentrations or even 
less. The low cytosolic Ca concentration is 
maintained by active Ca transport out of the

cytoplasm by Ca+ + -transporting ATPases on 
plasma membrane (39), mitochondria (70), 
and endoplasmic reticulum (37). Recent in­
vestigations by Dieter and Marme (16) pro­
vide convincing evidence that Ca-transporting 
ATPase activities of microsomal plant mem­
branes are controlled by the regulator pro­
tein, calmodulin (CaM), in a Ca+ +-dependent 
manner (15, 37).

Plant calmodulin and its properties
The Ca-binding protein, calmodulin, seems 

to exist in all eucaryotic organisms. In 1977, 
Muto and Miyachi (39) discovered that there

was a protein activator of NAD kinase pres­
ent in plant extracts. Subsequent studies by 
Anderson and Cormier (1) confirmed that the 
activator protein from mammalian sources 
could regulate the NAD kinase activity of 
peas, thus demonstrating unequivocally that 
the protein activator of plant NAD kinase 
was, indeed, calmodulin (2). Calmodulin has 
been isolated and characterized from a large 
variety of animal and plant tissues, ranging 
from protozoans to mammals and lower to 
higher plants. Comparison of the physical 
and biochemical properties, including amino 
acid sequence of some calmodulins isolated 
from various sources, shows that calmodulin
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PRIMARY STIMULUS
(Hormones, Light, Gravity e tc )

O

Fig. 3. Diagram illustrating the effect of primary stimuli such as hormones, light and gravity on 
cytoplasmic free calcium concentration and calmodulin-mediated changes in a plant cell. MIT: mi­
tochondria, ER: endoplasmic reticulum, V: vacuole, N: nucleus, PM: plasma membrane, and CW: 
cell wall.

has been well conserved through the phylo- 
genic scale.

Marme and Dieter (38) have provided evi­
dence that the biochemical, biophysical, and 
biological properties of plant calmodulin are 
very similar to those of animal calmodulin. 
The molecular weight of zucchini calmodu­
lin estimated by SDS-polyacrylamide gel 
electrophoresis is around 14,500 in the pres­
ence of Ca++ as compared to 16,000 for 
bovine brain calmodulin (38). An interesting 
feature of calmodulin is its thermal stability 
and acidic nature. Boiling destroys most pro­
teins, but calmodulin retains its activity even 
after boiling at 95° to 100°C for 3 min. An­
other striking characteristic of calmodulin is 
its lack of tissue or species specificity. Elec­
trophoretic mobility and biological cross­
reactivity of bovine brain, apple fruit, and 
corn coleoptlile calmodulins are quite simi­
lar. For example, an antibody directed against 
calmodulin from bovine brain recognizes 
calmodulin from plants (54, 58). In addition, 
all plant calmodulins tested in our laboratory 
stimulated calmolulin-dependent phospho­
diesterase from mammalian sources (41, 52, 
54). Recently, the structural properties of 
spinach (34, 71) and barley (59) calmodulins 
have been characterized. The amino acid 
composition of plant calmodulins indicate 
some minor differences in tyrosine, threo­
nine, leucine, arginine, and lysine content 
compared to bovine calmodulin. The simi­
larities suggest a fundamental role for cal­
modulin in mediating C a+ + -dependent 
processes in the cell (for reviews, see 9, 38, 
57). The amount of calmodulin in plant tis­
sues was determined by measuring the in­
tensity  of the protein band on SDS- 
polyacrylamide gels using bovine brain cal­
modulin as a standard (38). The yield of cal­
modulin was found to be about 10 mg per 
kg of plant tissue. This yield corresponds to 
about 10"6 to 10~5 m in the plant cell, with 
the assumption that the cytoplasmic space is 
about one-tenth of the volume of the vacu­
olated cell.

Molecular mechanism of calmodulin 
action

Calmodulin is a regulatory protein found 
free in the cytoplasm and/or associated with 
membranes and organelles. A high level of 
Ca in the cytoplasm is injurious to the cell 
function. The steady state differential be­
tween the free space and the intracellular levels 
of Ca is maintained by the cell membrane, 
which is highly impermeable to the Ca ion. 
Ca-ATPase in the plasma membrane is in­
volved in transporting excess Ca from the 
cell (21, 37), or Ca is taken up by intracell­
ular organelles. When the cytoplasmic Ca 
level rises above 10~6 m , Ca ions bind to 
calmodulin, thus activating it. The role of 
calmodulin in mediating the biological ac­
tion of Ca ions is shown diagramatically in 
Fig. 1. The first step in the sequence in­
volves the interaction of Ca with calmodulin. 
The binding of 4 Ca ions to one calmodulin 
molecule causes conformational changes in 
the calmodulin, thereby activating it. Only

the activated calmodulin (Ca-calmodulin 
complex) is able to recognize the receptor 
protein (enzyme) and bind to it. This binding 
leads to the active calmodulin-calcium-en­
zyme complex and, subsequently, the re­
sponse. Enzymes such as Ca-ATPase (37), 
NAD kinase (1, 2), isofluoridoside phos­
phate synthase (29), and quinate: NAD+ ox- 
idoreductase (37) are activated in this manner 
(Fig. 2). The Ca-calmodulin complex also 
may bind to natural or synthetic calmodulin 
antagonists, resulting in a calmodulin-Ca- 
antagonist complex. This complex cannot 
activate calmodulin sensitive forms of en­
zymes, thus blocking the calmodulin-in­
duced response (41, 42).

Ca as a 2nd messenger in plants
External and internal stimuli, such as light, 

gravity, and hormones are known to alter the 
cytoplasmic free Ca concentration by con­
trolling the Ca transport mechanisms. Al­
though the concept of Ca as a 2nd messenger

in plants is new, recent evidence supports 
such a role for Ca. This concept as it might 
apply to plants is illustrated in Fig. 3. As a 
cell perceives the message, Ca is released 
from “ Ca stores” such as the apoplast re­
gion, mitochondria and endoplasmic reticu­
lum into the cytosol. The increase in cytosol 
Ca concentration activates calmodulin, which, 
in turn, activates a number of enzymes (Fig.
2) leading to the response. Activated cal­
modulin also activates a Ca-ATPase which 
pumps Ca back into Ca stores. This will bring 
the cytosol Ca concentration back to the sub­
micromolar range, thus gradually diminish­
ing the calmodulin-controlled activation of 
various enzymes. The activation of several 
enzymes, such as phosphodiesterase, is de­
pendent on calmodulin (Fig. 4) and Ca (38) 
concentrations.

Posttranslational modification of proteins 
by Ca and calmodulin-regulated protein 
phosphorylation
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Fig. 5. Autoradiographs showing the effect of Ca and calmodulin on the phosphorylation of 
soluble polypeptides from corn coleoptiles and membrane polypeptides from tomato and apple fruits. 
Protein phosphorylation was carried out as described earlier by Veluthambi and Poovaiah (64, 65) 
using [ y 32P]ATP. In vitro phosphorylations were performed in the absence of Ca (1), in the presence 
of 1 mM CaCl2 (2) or in the presence of 1 mM CaCl2 + 1 .6 m calmodulin (3). The molecular weights 
of representative phosphorylated polypeptides are indicated.

It is a general biochemical contention that 
the changes associated with plant growth and 
development involve changes in the pattern 
of enzyme activities. As is now becoming 
clear, the posttranslational modification of 
enzymes may represent a key regulatory step 
in the molecular mechanism by which the 
majority of animal hormones operate. En­
zymes can be modified in a number of ways, 
such as methylation, acetylation, thiolation, 
ribosylation, adenylation, and phosphoryla­
tion (65). In recent years, major interest has 
been directed towards protein phosphoryla­
tion (24, 30, 42, 66, 67, 68). The role of 
protein kinases in phosphorylation and phos­
phatases in dephosphorylation in plants has 
recently been demonstrated (67). Reversible 
protein phosphorylation offers a unique ad­
vantage in cellular regulation, since an en­
zyme activated upon phosphorylation by a 
protein kinase can be inactivated by dephos­
phorylation by a protein phosphatase. It is 
becoming clear that protein kinases play a 
major role in Ca-and calmodulin-regulated 
signal transduction in plants. Examples of 
Ca dependent protein phosphorylation in com 
coleoptiles and tomato and apple fruit are 
shown in Fig. 5. Phosphorylation of several 
soluble polypeptides and membrane poly­
peptides was promoted by adding Ca. Cal­
cium-promoted phosphorylation of some of 
the soluble and membrane polypeptides in­
creased further in the presence of calmodu­
lin.

Calmodulin antagonists, such as chlor- 
promazine, trifluoperazine, fluphenazine, and 
a naphthalenesulfonamide derivative (W-7), 
inhibit the auxin-induced cell elongation at 
micromolar range (54). Poovaiah and Leo­
pold (46) have demonstrated that the senes­
cence of leaves can be deferred by Ca 
application. Recently, we observed that the 
pretreatment of leaf disks with Ca chelators, 
such as ethyleneglycol-bis-((3-aminoethyl 
ether) N ,N \ tetracetic acid (EGTA), negated 
the cytokinin effect on senescence. The cy- 
tokinin effect lost due to EGTA pretreatment 
was recovered by transferring the leaf disks 
to a medium containing Ca and cytokinin

CALMODULIN (unit)

Fig. 4. Dose-response curve of the activation of 
calmodulin-deficient bovine brain cAMP-phos- 
phodiesterase by calmodulin from tomato fruit 
and bovine brain.

350

(Rhee and Poovaiah, unpublished data). These 
results suggest an interaction between a plant 
hormone and Ca (32, 48) and a possible role 
for calmodulin in hormone action in plants 
(18, 54). Chlorpromazine and other calmo­
dulin antagonists decreased Ca-promoted 
phyosphorylation (66, 67), suggesting that 
phosphorylation is modulated by calmodu­
lin. The addition of Ca to the incubation me­
dium prom oted phosphorylation in a 
concentration dependent manner, and so­
dium molybdate, a known inhibitor of phos­
phatases which are involved in 
dephosphorylation, increased net phosphor­
ylation (67).

In another series of experiments while as­
saying calmodulin activity in senesced apple 
extracts using its property of promoting the 
activity of phosphodiesterase from bovine 
heart, a heat stable, dialyzable low molec­
ular weight component which inhibited cal­
modulin activity was detected (41, 42). The 
inhibition of calmodulin activity was re­
duced in extracts from apples where senes­
cent breakdown was delayed by Ca treatment. 
These observations suggest a major role for 
calmodulin in plant growth and development 
and further suggest that calmodulin inhibi­
tors are naturally present in some species and 
may play a role in calmodulin regulation.

Though various roles of Ca in cell func­
tion have been studied extensively in the past 
20 years, the mechanism of Ca action is just 
beginning to be unraveled at the molecular 
level. There is no doubt that Ca and its bind­
ing protein, calmodulin, play a pivotal role 
in plant growth and development. A detailed 
understanding of the biochemical processes 
mediated by Ca and calmodulin would help 
in solving many of the Ca-related physiolog­
ical problems in plants.
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Abstract. The uses of related wild and domesticated species in the improvement of 
the common bean, Phaseolus vulgaris L., are examined. Obstacles to gene transfer 
between species and the approaches used in circumventing these barriers are discussed.

P. Hucl G.J. Scoies

The common bean is affected by at least 
18 diseases and insect pests in North Amer­
ica (5). The detrimental effects of anthrac- 
nose (Collectotrichum lindemuthianum Sacc. 
& Magn. Scrib.), common blight (.Xantho- 
monas phaseoli E.F. Sm. Dows.), root rot 
complexes (Fusarium solani Schlecht. f. 
phaseoli, Phythium ultimatum and Rhizoc- 
tonia solani), white mold (Sclerotinia scler- 
otiorum), and air pollution injury are 
considered to be of economic importance (69).
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The use of intraspecific sources of pest re­
sistance has resulted in the development of 
anthracnose and virus resistant common bean 
cultivars. Although attempts have been made 
to develop blight, root rot, and white mold 
tolerant bean cultivars, these efforts have met 
with varying degrees of success to date. The 
failure of intraspecific hybridization to in­
crease the tolerance of common beans to dis­
eases such as white mold and, to a lesser 
extent, common blight and root rots has led 
to the evaluation of related Phaseolus spe­
cies as sources of tolerance or resistance.

A number of desirable physiological traits 
also have been identified in a number of wild 
species. Some of the traits of interest and the 
species in which they have been observed 
are listed in Table 1. In addition, P. vulgaris 
var. aborigineus is immune or tolerant to 4

races of anthracnose (68) as are accessions 
of P. coccineus, P. ritensis, and P.filiformis 
(41). Ibrahim and Coyne (44) speculated that 
the cross-pollination mechanism of P. coc­
cineus might be transferred to P. vulgaris in 
order to develop intermating populations for 
the introduction of new gene complexes and 
the breakage of existing linkage groups. The 
complex inheritance of the cross-pollination 
mechanism in addition to the possibility of 
selective gene elimination (57) indicate that 
this will be a difficult task.

Taxonomy and evolution of Phaseolus
For efficient interspecific gene transfer, it 

is necessary to have information concerning 
the cytogenetics, origin, and phytogeograph- 
ical relationships of a cultivated species and
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