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ABSTRACT: Chickpea is the third major cool season grain legume crop in the world after dry bean and field pea.
Chilling and freezing range temperatures in many of its production regions adversely affect chickpea production.
This review provides a comprehensive account of the current information regarding the tolerance of chickpea to
freezing and chilling range temperatures. The effect of freezing and chilling at the major phenological stages of
chickpea growth are discussed, and its ability for acclimation and winter hardiness is reviewed. Response
mechanisms to chilling and freezing are considered at the molecular, cellular, whole plant, and canopy levels. The
genetics of tolerance to freezing in chickpea are outlined. Sources of resistance to both freezing and chilling from
within the cultivated and wild Cicer genepools are compared and novel breeding technologies for the improvement
of tolerance in chickpea are suggested. We also suggest future research be directed toward understanding the
mechanisms involved in cold tolerance of chickpea at the physiological, biochemical, and molecular level. Further
screening of both the cultivated and wild Cicer species is required in order to identify superior sources of tolerance,
especially to chilling at the reproductive stages.
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I. GENERAL INTRODUCTION

The production of the cool season grain le-
gume chickpea (Cicer arietinum L.) is constrained
by low temperatures across much of its geographi-
cal range. Botanical, genetic, and archeological
evidence points to chickpea originating within the
Fertile Crescent, Turkey (Lev-Yadun et al., 2000).
From there, it has spread to its present day range,
principally concentrated between the latitudes 20°
and 40° and including west and central Asia, the
Indian subcontinent, southern Europe, Africa
(northern parts), Latin America, and more re-
cently North America and Australia (FAO, 2001).
Chickpea cultivation has also spread to near equa-
torial Uganda and Ethiopia, and northern latitudes
within Canada and Russia (ca. 50°) (Figure 1).
India (6.2 × 106 t) is by far the largest producer of

chickpea, accounting for ca. 70% of total world
production (8.8 × 106 t) and reflecting the impor-
tance of chickpea as a protein source in the diet of
people in developing countries. Widespread cul-
tivation has resulted in chickpea being third in
terms of world pulse production behind dry bean
(Phaseolus species) (18.8 × 106 t) and field pea
(Pisum sativum L.) (10.9 × 106 t) (FAO, 2001).

In most agricultural species, suboptimal tem-
peratures can be divided into chilling range and
freezing range. For the purposes of this review we
define freezing range temperatures for chickpea
as below –1.5°C, which is the typical freezing
point of plant tissue (Graham and Patterson, 1982),
and chilling range temperatures for chickpea as
between –1.5°C and 15°C. Temperatures up to
15°C have been demonstrated to cause flower and
pod abortion in parts of the Indian subcontinent
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and Australia (Srinivasan et al., 1998; Clarke,
2001). Freezing range temperatures are consid-
ered an important problem for winter-sown
chickpea in the countries surrounding the Medi-
terranean Sea, the tropical highlands, and temper-
ate growing regions (Singh, 1993). In these re-
gions, freezing stress predominantly occurs during
the seedling and early vegetative stages of crop
growth. Isolated freezing events (frost) are also a
problem across the geographical distribution of
the crop, especially when they occur in the late
vegetative and reproductive phenological stages.
On the other hand, temperatures within the chill-
ing range can limit the growth and vigour of
chickpea at all phenological stages, but are con-
sidered most damaging to yield at the reproduc-
tive stages. Southern Australia and parts of the
Indian subcontinent are the most affected by chill-
ing range temperatures at flowering.

This review focuses on the research pertain-
ing to the morphological, physiological, biochemi-
cal, and genetic factors involved in the response
of chickpea to both freezing and chilling range
temperatures. It is important to note that varying

levels of tolerance and sensitivity are possible
between and even within individual genotypes.
This is due to the close linkage of the plants
reaction to temperature with the phenological stage
of the plant, the preceding temperature regimes,
and the prevailing environmental conditions. The
effect of chilling range and freezing range tem-
peratures at different phenological stages is con-
sidered separately due to this large variation in
plant response.

II. IMPACT OF SUBOPTIMAL
TEMPERATURES ON CHICKPEA
PRODUCTION

A. Impact of Freezing Range
Temperatures

Yield instability in chickpea has been chiefly
attributed to the diverse geographic distribution
of the crop and the subsequent effects of a number
of biotic and abiotic stresses (Saxena, 1990; Wery
et al., 1994; Singh and Saxena, 1993; Singh et al.,

FIGURE 1. Areas of origin of chickpea (C. arietinum) and subsequent spread around the world. (Modified from van
der Maesen [1972].)
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1994; Robertson et al., 1996; Singh et al., 1998;
Leport et al., 1999). The term ‘stress’ when used
in this context is defined as any disturbance that
adversely influences plant growth (Singh, 1993).
Research progress toward ameliorating the ef-
fects of abiotic and biotic stresses and stabilizing
chickpea yields has been reviewed (Saxena and
Singh, 1987; van Rheenen et al., 1990; Singh and
Reddy, 1991; Singh and Saxena, 1993). Singh et
al. (1994) categorized the major abiotic and biotic
stresses affecting chickpea production in order of
relative impact and compared this to the research
effort expended in each area (Figure 2). This fig-
ure indicates the rather skewed distribution of
research focus in chickpea, with an estimated 80%
of the research effort going toward biotic stresses,
which account for only an estimated 58% of the
impact on production. In contrast, abiotic stresses,
which account for an estimated 42% of the impact
on production, receive only 20% of the research
effort. Of the abiotic stresses, freezing range tem-
peratures were estimated to account for 6% of the
impact on production and receive 5% of the re-
search effort. In this context, the authors did not
take into account yield reduction from chilling
range temperatures at the reproductive stage. It
should be noted that impacts are estimations only,
and resources are primarily expended in research

areas where there is likely to be a favourable
outcome.

It is widely acknowledged that freezing range
temperatures are detrimental to chickpea yield.
Prolonged periods of freezing range temperatures
can prevent germination, reduce the vigour and
vegetative biomass of the developing plant, and
can be fatal to plants, especially those at the late
vegetative and reproductive phenological growth
stages. Isolated frost events during the reproduc-
tive stage commonly results in flower or pod
abortion, and this can be detrimental to yield in
environments that experience terminal drought.

There is very little quantitative data regarding
the effect of freezing range temperatures on seed
quality of chickpea. Causal observations have
indicated that freezing can reduce seed size, prob-
ably due to stress conditions affecting the mobi-
lization of plant resources. In addition, the seed
coat can be discolored. More research is required
to ascertain if there are biochemical changes to
the seed composition following exposure to freez-
ing or chilling range temperatures.

In the last 15 years there has been an in-
creased focus toward temperature tolerance breed-
ing in chickpea (Malhotra and Saxena, 1993).
This has resulted in the development of cultivars
tolerant to freezing temperatures at the seedling

FIGURE 2. Relative importance of abiotic and biotic stresses on chickpea production (inner circle) compared to the
research effort expended (outer circle). (Modified from Singh et al. [1994].)
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and early vegetative stages. This trait, when com-
bined with resistance to ascochyta blight (caused
by Ascochyta rabiei), has enabled a switch from
spring to winter sowing in countries surrounding
the Mediterranean Sea. This has increased seed
yields by an average of 70% through higher avail-
ability of soil water enabling plants to more effec-
tively utilize available water resouces (Singh et
al., 1997). If cultivars with increased vegetative
growth during the winter months can be devel-
oped, they should prove beneficial in many envi-
ronments. The development of cultivars with a
higher degree of cold tolerance would facilitate
the spread of chickpea growing regions to both
higher altitudes and colder latitudes and therefore
are worthy of considerable agronomic and breed-
ing attention.

B. Impact of Chilling Range
Temperatures

A prolonged period of chilling range tem-
peratures at any phenological stage of develop-
ment in chickpea has detrimental effects on final
seed yield. During germination, chilling range
temperatures result in poor crop establishment,
increased susceptibility to soil-borne pathogens,
and reduced seedling vigor. At the seedling stage,
long periods of chilling range temperatures can
retard the growth of the plant and, in severe cases,
cause plant death. At the vegetative stage, chilling
range temperatures have a pronounced negative
effect on plant growth and dry matter production.
Less dry matter production reduces the reproduc-
tive sink that the plant can support, which, in turn,
reduces potential yield. Flower, pod, or seed abor-
tion are further symptoms of chilling range tem-
peratures (Plate 1).

In the Mediterranean type environment of
southwestern Australia, chickpea yields are lim-
ited by chilling range temperatures during flower-
ing, causing extensive flower and pod abortion
(Siddique and Sedgley, 1986). The high yield
potential of early sown crops (high biomass) or
early flowering genotypes is largely limited by
abortion of flowers and pods in late winter and
early spring, which in turn leads to low harvest
index (Table 1). Although delayed sowing can

reduce flower and pod abortion associated with
low temperatures, seed yield is often limited by
terminal soil moistures, a common feature in this
environment (Turner et al., 2001). Early flower-
ing would benefit yield if flowers were fertile,
because pod development and seed filling can
start earlier and so avoid terminal soil moisture
stress (Leport et al., 1999). Greater tolerance to
chilling range temperatures at flowering therefore
is required in chickpea in order to take advantage
of the full benefit of early flowering and high
yield potential associated with early sowing in
short season Mediterranean-type environments.

In subtropical South Asia, a prevalence of
chilling range temperatures during early flower-
ing leading to excessive floral abortion is a major
cause of low pod and seed set in chickpea (Saxena,
1980; Srinivasan et al., 1998, 1999). Although
such loss is considered an adaptive mechanism
that stimulates vegetative growth and provides
additional nodes for production of flowers and
pods (Saxena, 1984), this in only true in environ-
ments that are not limited by soil moisture toward
the end of the growing season.

III. FREEZING STRESS

The need for greater tolerance to freezing
range temperatures in chickpea has arisen where
the distribution of chickpea has been expanded to
higher latitudes, such as Canada or Russia, or the
growing season has been altered to include colder
conditions, such as winter sowing in the Mediter-
ranean basin.

A. Mechanisms of Freezing Injury

Freezing-sensitive plants are damaged or
killed by temperatures below –1.5°C. Damage
from freezing commonly occurs due to ice form-
ing within the intercellular spaces. The rigid ice
lattice structure extends with decreasing tempera-
ture and may penetrate cellular walls and mem-
branes to an extent that is irreparable by normal
cell processes (Andrews, 1996). Intracellular ice
formation is lethal (Guy, 1990), whereas many
plant species can tolerate extracellular ice forma-
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PLATE 1. Chickpea plant showing abortion of pods following exposure to frost. (Photograph: Couresy of Mr. Ted
Knights, New South Wales Agriculture, Tamworth, Australia.)

TABLE 1
Effect of Chilling Range Temperatures at Flowering on Chickpea Productivity at
Merredin, Western Australia, 1983 (31 °29’ latitude; 118 °17’ longitude).
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tion. It is important to note that during periods of
active growth, most crop species do not tolerate
freezing. In chickpea, the elongation regions are
often the first affected by freezing, and this can
show up in a frost-damaged plant by sigmoidal
curves around the elongation point, commonly
referred to as ‘hockey stick’ symptom. Depend-
ing on the minimum temperature and the duration
of the frost, plants may be partially damaged or
killed, resulting in lower yield and quality at har-
vest or even complete crop failure (Hudák and
Salaj, 1999).

The freezing tolerance of a plant varies greatly
between different tissues, that is, upper and lower
leaves of the plant canopy, stems, meristems, or
roots (Herzog, 1987; Herzog and Olszewski,
1998). Antifreeze proteins and ice nucleators con-
trol the initial formation of ice. Tolerance to freez-
ing is often associated with mechanisms at the
cellular level, including increased membrane flu-
idity and osmotic adjustment (Buddenhagen and
Richards, 1988; Wery et al., 1993) as well as
supercooling without ice nucleation (Olien and
Smith, 1981). A lack of efficient and reliable
screening techniques makes it difficult for breed-
ers to routinely screen specifically for these mecha-
nisms (Wery et al., 1994).

B. Acclimation to Freezing Range
Temperatures

For many plant species tolerance to the stress
imposed by freezing range temperatures is not static,
but can change seasonally or when the temperature
and other environmental conditions are varied. A
large part of the seasonal dynamics of freezing
tolerance in plants is related to the process of cold
acclimation. Acclimation is a highly active process
resulting from both metabolic and physiological
alterations in the plant in response to low tempera-
tures. These alterations result in a lowering of the
temperature at which a plant is damaged by freez-
ing (Levitt, 1980; Graham and Patterson, 1982;
Stepkonus, 1984; Guy, 1990; Prasad, 2001). Accli-
mation can also be referred to as acclimatization or
hardening (Levitt, 1980).

Acclimation to freezing temperatures is well
recorded in many plant species. Extracellular ice

is relatively nonharmful and can act as a nucle-
ation site for water drawn out of the cell, promot-
ing cell desiccation. Although ice driven desicca-
tion can continue to the point of irrevocable cellular
damage, it is in a stable desiccated state that most
cold-stressed tissues overwinter at subzero tem-
peratures (Andrews, 1996). Cellular and meta-
bolic changes that occur during cold acclimation
include increased levels of sugars, soluble pro-
teins, prolines, and organic acids as well as the
appearance of new isoforms of proteins and al-
tered lipid membrane composition (Hughes and
Dunn, 1990, 1996).

The ability to acclimate is essential to freez-
ing tolerance of the cool season grain legumes
(Wery et al., 1994). This ability seems to decrease
with plant age and is reliant on a slow rate of plant
growth as is found in early winter sown crops in
colder temperatures (Wery et al., 1993). Winter
sown chickpea are exposed to decreasing photo-
periods and temperatures that fall gradually as the
season progresses from autumn to early winter.
Therefore, seedlings of winter planted chickpea
have a possibility of acquiring some degree of
tolerance to moderate subzero temperatures, as
has been shown for faba beans by Herzog (1978).

C. Winter Hardiness of Chickpea

It is important to note that winter survival of
plants often requires tolerance to factors other
than cold, for example, frost-heaving, water-log-
ging, frost-drought, and diseases (Murray et al.,
1988). The primary causes of winterkill are heav-
ing caused by the formation of ice in the soil,
either as a solid or as capillary needles or col-
umns, which push the plants upward, breaking
and exposing the roots; smothering; physiologi-
cal drought; and freezing of the plant tissue
(Grafius, 1981). Snow cover itself can be a posi-
tive environmental factor because the thermal and
radiative properties of snow results in a distinct
thermal profile, where its surface temperature is
at near equilibrium with air temperature (below
zero), while temperature gradually increases with
snow depth, often to near zero at the soil surface.
In this way, snow can act as an effective insulator
for underlying plants (Blum, 1988). Cultural prac-
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tices such as planting date, fertilizer regime, dis-
ease and insect control, and tillage practices that
influence snow capture and drainage, combine to
influence the overwintering ability of grain le-
gumes (Murray et al., 1988). Thus, winter hardi-
ness of chickpea represents tolerance to a com-
plex of winter rigours. It is important that this
complexity be taken into account and reflected in
the germplasm screening methodology adopted.
Therefore, it is necessary to screen chickpea not
only in the field, but also under controlled condi-
tions where the various components of winter
hardiness can be separated and selected for indi-
vidually. To date, the selection of genotypes ex-
hibiting tolerance to freezing in field screening
tests have not been verified under controlled con-
ditions (Singh et al., 1981, 1989, 1990; Malhotra
and Saxena, 1993; Singh et al., 1995, 1997).

D. The Importance of Phenological
Stage on Response to Freezing Range
Temperatures

The chickpea crop germinates, matures,
senesces, and dies within 100 to 225 days from
sowing, depending on environmental conditions
before and after flowering, the magnitude of seed
yield, and the rate and synchrony of seed filling
(Summerfield and Roberts, 1985). The effect of
freezing range temperatures can vary in chickpea
according to the phenological stage of the plant
when the stress occurs. In light of this, we have
dealt separately with the effect of freezing on
each of the different phenological growth stages.

1. Pre-Emergent (Heterotrophic)
Developmental Stage

The germination of dicotyledonous seeds, such
as chickpea, starts the growth process of a quies-
cent or dormant embryo, and is evidenced by the
growth of the embryonic axis (de Rueda et al.,
1994). Good germination and seedling emergence
are important prerequisites for a successful crop
and soil and air temperature is one of the key
factors affecting seed germination (Chen et al.,
1983). In chickpea, 0°C has been proposed to be

the base temperature for germination (Singh and
Dahliwal, 1972; Siddique et al., 1983; Ellis et al.,
1986; Calcagno and Gallo, 1993). Thus, in freez-
ing soils, chickpea will not germinate.

2. Seedling (Autotrophic) Developmental
Stage to Early Vegetative Stage

Plants at the autotrophic stage are more vul-
nerable to temperature stress than those at the
heterotrophic stage prior to germination because
their endosperm resources have been exhausted.
The degree of vulnerability varies with the age of
the plant and in chickpea, tolerance to freezing
range temperatures has been shown to decrease as
the plant progresses from the seedling stage (most
tolerant) to flowering (least tolerant) (Wery 1990;
Singh et al., 1995). The main effects of freezing
temperatures on the developing seedling are re-
lated to membrane injury and include reduced
respiration and photosynthesis and loss of turgor,
resulting in wilting and temperature-induced
drought stress.

The effect of early winter sowing is that
chickpea plants in the early vegetative stage en-
counter gradually decreasing temperatures and
photoperiods. During the winter season, night
temperatures fall below zero and remain low for
a long period. Although some studies report lines
that withstand temperatures of –12°C in the post-
emergence vegetative stage, the minimum tem-
perature at which chickpea generally seem to sur-
vive is –8°C (Wery, 1990). It is difficult to
determine an exact threshold temperature for field
grown chickpea because snow cover can protect
plants, while a wind factor can increase injury.

The effect of freezing range temperatures on
the duration of the vegetative stage has been shown
to have a substantial role in the final yield of the
crop. Yield increases exhibited by winter sown
chickpea have been ascribed to the longer vegeta-
tive growth periods leading to a larger vegetative
structure. This larger vegetative structure inter-
cepts photosynthetically active radiation (PAR)
more effectively in spring and supports a propor-
tionally larger reproductive sink with adequate
partitioning of dry matter (Singh et al., 1997).
Also, the reproductive phase of winter sown
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chickpea is longer than spring sown chickpea,
contributing to higher seed yield. Better utiliza-
tion of PAR increases total biomass of winter
sown chickpea, while retaining a similar harvest
index (HI) to that of spring sown chickpea
(Keatinge and Cooper, 1983; Siddique and
Sedgley, 1986; Singh et al., 1997).

3. Late Vegetative Stage

Unlike the seedling to early vegetative stage
of chickpea, which exhibits a relatively high de-
gree of freezing tolerance, there is a high sensitiv-
ity to freezing damage at the more advanced veg-
etative stage (Calcagno and Gallo, 1993; Singh et
al., 1993; Singh et al., 1995). This finding has
been mirrored in field pea and faba bean
(Scarascia-Mugnozza and Marzi, 1979; Étévé,
1985; Murray et al., 1988). Wery (1990) has sug-
gested that the increased sensitivity to freezing
range temperatures is due to the plant being un-
able to set osmoregulation mechanisms in motion
during the active growth phase of the plant. The
absence of quantitative data in chickpea makes it
difficult to prove this hypothesis.

In many crops, the microclimate has been
shown to have a significant effect on the degree
of damage from low temperatures. In chickpea
there are limited data regarding the relationship
between morphological parameters, such as
growth habit, flower position, leaf shape, hairs,
stomata, and fibrovascular structures, and physi-
ological characteristics such as resistance to wa-
ter due to increased viscosity, temperature, or
light stress in the vegetative growth phase
(Calcagno and Gallo, 1993). In chickpea, stem
elongation during the vegetative stage means
that the shoots are in air strata colder than that
nearer to the soil surface. It has been suggested
that propensity to branch may be a prerequisite
for tolerance to freezing range temperatures in
chickpea (Murray et al., 1988) and that rosette
rather than upright growth habit may be a means
of escaping the worst of the freezing tempera-
tures because the microclimate near the soil sur-
face is less severe than that of the higher air
strata (Anderson and Markarian, 1968; Acikgoz,
1982; Lawes et al., 1983).

Frost damage tends to be affected by the mi-
croclimate, with great variability occurring within
paddocks and even on the same plant. Frost con-
ditions can be amplified by climatic conditions
such as clear sky, dry atmosphere, and windless
conditions (Blum, 1988). Soil type, soil moisture,
position in the landscape, and crop density can
also have a bearing on the damage caused by a
frost event. In some species, crop nutrition has
been shown to mediate the effect of freezing range
temperatures on the plant. It is thought that fertili-
zation of the plant, and consequent fast growth
rates, can exacerbate the effect of freezing, par-
ticularly on the part of the plant undergoing elon-
gation. However, the study of the microclimate
involves the understanding of the complex rela-
tionships between many variables, and the effect
of varying the plant population density requires
greater understanding.

In chickpea, the duration of the vegetative
phase of growth in either short or long photope-
riods is negatively related to the mean diurnal
temperature, irrespective of the genotype (Rob-
erts et al., 1985). Freezing temperatures at this
point in the crop’s phenological development
therefore can cause considerable damage and yield
losses.

4. Reproductive Stage:  Anthesis,
Pollination, and Pod Set

The onset and duration of flowering in
chickpea are functions of genotype, photoperiod,
and temperature (Roberts et al., 1985). Flowering
is indeterminate and can extend for up to 60 days
with leaf initiation and stem elongation continu-
ing into the reproductive period. Small purple or
white flowers are produced singly in auxiliary
racemes and are highly self-pollinated (98 to
100%) (Knights, 1991). Self-pollination takes
place between 1 and 2 days before the flower
opens and anthers commonly dehisce between
9 am and 3 pm (Oraon et al., 1977), although this
can vary depending on the temperature regime.
During the reproductive stage chickpea is far more
likely to encounter temperatures within the chill-
ing range as opposed to temperatures within the
freezing range. Singh et al. (1993) observed that
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plants at the reproductive stage do not tolerate
freezing temperatures, such as those encountered
via a late frost event. Undoubtedly, this is the case
for extended periods of freezing range tempera-
tures; however, due to their indeterminate nature,
chickpea may be able to recover to flower and set
pods following an isolated frost event provided
soil moisture conditions are favorable during the
subsequent periods.

The time and duration of flowering affects
tolerance and the ability to compensate after the
frost has occurred. Early flowers are often aborted
in chickpea, but if soil moisture is available long-
duration cultivars compensate for the loss. Frosts
that occur toward the end of the reproductive
period following pod-set are more damaging, re-
sulting in the abortion of pods and large yield
reduction.

Srinivasan et al. (1999) propose that the sen-
sitivity of chickpea to cold temperatures can be
attributed to its evolution as a spring crop in West
Asia, where flowering and podding occur in pro-
gressively increasing temperatures. Consequently,
there has been no selection in chickpea for cold
tolerance at the reproductive stage, resulting in a
high degree of sensitivity to freezing range tem-
peratures especially when planted in autumn/win-
ter.

IV. CHILLING STRESS

Temperatures within the chilling range for
chickpea (–1.5°C to 15°C) are common through-
out the growing season across almost all chickpea
growing areas. In chickpea, the upper limits of
the chilling range are quite acceptable and even
optimum for early growth in some genotypes,
but the reproductive processes can become sus-
ceptible to damage from temperatures of ca. 15°C
and lower (Khanna-Chopra and Sinha, 1987;
Clarke, 2001). Exposure to prolonged periods of
temperatures at the lower end of the chilling
range can cause poor germination, slow growth,
flower shedding, and pod abortion, and in severe
cases cell necrosis and plant death. The resulting
yield penalty or reduction in harvest index varies
dramatically in the field, but in some cases can
be substantial.

The change from summer to winter sowing in
the countries around the Mediterranean Sea has
increased yield up to 70% (Singh et al., 1994).
This shift in planting time means the chickpea
crop is exposed to far colder temperatures during
the early growing stages of the plant than when it
is planted in summer. Increased tolerance to chill-
ing range temperatures at flowering has been iden-
tified as a highly desirable trait in Australia and
parts of the Indian subcontinent (25° to 30° lati-
tude) due to a smaller window of opportunity for
spring or summer sowing (Savithri et al., 1980;
Saxena et al., 1988; Siddique et al., 1994;
Srinivasan et al., 1998; Srinivasan et al., 1999;
Siddique et al., 1999). In these growing regions,
flower shed and pod abortion due to chilling range
temperatures at flowering is a major cause of poor
yield. It should be noted that it is the combination
of chilling range temperatures at flowering with
terminal drought that is the cause of reduced seed
yields in chickpea. Early sowing (winter) is es-
sential in these environments in order to achieve
high yield potential and avoid terminal soil mois-
ture stress.

A. Mechanisms of Chilling Injury in
Plants

For the purpose of this review, we have de-
fined chilling-sensitive plants as being adversely
affected by chilling range temperatures. Chilling
sensitivity is a characteristic of plants of tropical or
subtropical climates (McWilliam, 1983). Varietal
differences in susceptibility to chilling injury have
also been reported for a number of species (Lyons
et al., 1979). All plants able to survive and grow at
temperatures between –1.5°C and 15°C are chill-
ing tolerant. It is important to note that there is no
sharp distinction between chilling-intolerant and -
tolerant plants (Buddenhagen and Richards, 1988),
principally because the phenological stage of the
plant at the time of exposure can have such a large
effect on the sensitivity of the plant.

There has been very little research regarding
the mechanisms of chilling injury in chickpea. In
the absence of detailed information for chickpea,
we have summarized the effect of chilling at the
cellular level on the function of sensitive plants in
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general (Table 2). We propose that at the cellular
level, the processes by which chilling injures plant
cells is likely to have commonalities between
species. Therefore, the effects observed in other
species may be cautiously extrapolated for
chickpea, until further research is undertaken to
elucidate the exact mechanisms in chickpea.

1. Pre-Emergent (Heterotrophic)
Developmental Stage

Chickpea seed sown early in the season in
temperate areas such as parts of Turkey, Russia,
and Canada are commonly exposed to chilling (3°
to 8°C) or even freezing temperatures during ger-
mination, which can result in a reduced stand and
low seedling vigor (Chen et al., 1983). A number
of interacting factors have been recognized as
mediating seed response to low germination tem-
peratures. These are the temperatures to which
the seed is exposed, the duration of exposure, the
germination period in which the low-temperature
exposure takes place, the seed moisture content
prior to the start of imbibition (water influx), and
the genotype. Generally, the longer a germinating
seed of a sensitive species is exposed to a chilling
temperature, the greater the injury it will sustain
(Wolk and Herner, 1982).

Roberts et al. (1980) demonstrated that the
rate of germination of chickpea seed is inversely
related to daily mean temperature. Ellis et al.
(1986) showed that chickpea exhibits a linear
relationship to the mean value of the temperature
fluctuation, and that there is a positive correlation
between the numbers of seedlings emerged and
the average soil temperature and air temperature.
Further to this, Calcagno and Gallo (1993) dem-
onstrated that the number of days between sow-
ing and emergence are negatively correlated with
average soil temperature. No correlation was ob-
served between the number of seedlings emerged
and the day and night temperature sums. There is
considerable variation on the recommended opti-
mum temperatures for chickpea germination
(Singh and Dahliwal, 1972; Ellis et al., 1986;
Calcagno and Gallo, 1993). For the most part,
such differences can be ascribed to the genotypes
used and the experimental conditions followed.

For example, some authors considered the base
and maximum temperatures to be those at which
germination became zero, whereas others consid-
ered them to be those at which germination was
inhibited.

It is common practice to maintain chickpea
seed in gene banks at temperatures as low as
–20°C. Prior to water imbibition, the seed re-
mains unaffected by even these very low tem-
peratures. It is during the process of water imbi-
bition into the seed that suboptimal temperatures
become a potentially damaging factor. Chickpea,
along with many other chilling-sensitive species,
is very sensitive to ‘imbibitional chilling injury’
resulting from chilling range temperatures during
water influx (Tully et al., 1981). In chickpea,
Chen et al. (1983) observed that the period of
greatest sensitivity to cold corresponds to the first
30 min of imbibition. When dry seeds first begin
to imbibe water, a variety of intracellular solutes
leak out. These leaked substances include amino
acids, sugars, organic acids, gibberellic acid, phe-
nolics, and phosphates (Simon, 1974; Simon and
Wiebe, 1975; Simon, 1979), suggesting a general
leakage of cellular contents. At optimum tem-
peratures, seed leakage declines rapidly as imbi-
bition proceeds. However, the quantity of mate-
rial lost during seed hydration is a function of
initial seed moisture, temperature, and the condi-
tion of the testa (Chen et al., 1983; Christiansen
and St. John, 1984). For example, in many spe-
cies tissue moisture content prior to seeding is
inversely related to relative cold tolerance (Wolk
and Herner, 1982; Murray et al., 1988). In
chickpea, Chen et al. (1983) demonstrated
prehydrating the seed at 20°C prior to sowing
reduced the effect of rapid imbibition and helped
to protect the seed from chilling injury.

Solute leakage damages the cells on the coty-
ledonary surface, resulting in tissue death (Powell,
1989). A further consequence of chilling-induced
solute leakage is the establishment of an excellent
medium around the seed for the growth of soil
pathogens. Thus, under field conditions chilled
seed is often subject to extensive infestation by
soil organisms, leading to a reduction in seedling
survival. Fungicidal treatments can help amelio-
rate this problem, but the high cost is often pro-
hibitive in developing countries. In Australia, this
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facet of imbibitional damage has been implicated
in the poor establishment of some chickpea geno-
types in cold, wet soils (Knights and Mailer, 1989).

Desi types generally suffer less damage from
low temperatures at germination than kabuli types.
The rapidity of imbibition is a factor controlled
principally by the thickness of the testa (Tully et
al., 1981; Christiansen and St John, 1984). Kabuli
types generally have a thinner testa than desi
types, resulting in more rapid imbibition of water
and consequently greater levels of imbibitional
damage. Another factor affecting germination
success at cold temperatures is the phenolic con-
tent of the seed (Auld et al., 1983; Wery, 1990),
which presumably confers fungistatic properties
(Wery et al., 1994). When white and brown seeded
near isolines of kabuli chickpeas were sown into
cold and wet soils, the establishment of white-
seeded lines was inferior (Knights and Mailer,
1989). Thus, the poor germination of kabuli types
is partly due to their thin white testa and resulting
higher level of susceptibility to soil pathogens.

Calcagno and Gallo (1993) suggested that
chickpea genotypes suited to autumn and winter
sowing should germinate and emerge rapidly in
cold soils with suboptimal moisture. Ellis et al.
(1986) found genotypic differences in the rate of
germination with temperature. In view of this
existing genetic variability, it should be possible
to select genotypes that are resistant to tempera-
ture stress during germination. Because there is
no association between days to emergence and
tolerance to freezing range temperatures, days to
emergence cannot be used as a criterion for pre-
liminary selection of lines for cold tolerance (Singh
et al., 1995). We suggest that selection techniques
for genotypes that exhibit tolerance to freezing
range temperatures should initially be conducted
under controlled environment conditions to sepa-
rate the effect of soil moisture stress.

2. Post-Emergent Seedling (Autotrophic)
Developmental Stage

In chickpea, sensitivity to freezing and chill-
ing range temperatures increases as the plant
progresses from germination to flowering (Wery
1990; Singh et al., 1995). The visual symptoms of

chilling injury at the seedling stage can include
the inhibition of seedling growth, accumulation
of anthocyanin pigments, waterlogged appearance
with browning of mesocotyls, and the browning
and desiccation of coleoptiles and undeveloped
leaves (Prasad, 2001). Nonvisible symptoms in-
clude alterations in gene expression, membrane
properties, proteins, lipids, carbohydrate compo-
sition, and solute leakage. The main effects of
chilling range temperatures on the developing
seedling are related to membrane injury and in-
clude reduced respiration and photosynthesis and
loss of turgor, resulting in wilting and cold-in-
duced water stress. It is also evident that the dam-
age caused by rapid imbibition of water into cold-
affected seeds carries over to the developing
seedling, resulting in reduced vigor.

Exposure to chilling range temperatures dur-
ing early growth of established seedlings can ex-
ert macroscopic formative effects on leaf shape
and size, plant height, root development, and flo-
ral initiation (Christiansen and St. John, 1984).
For example, the growth of kidney bean
(Phaseolus vulgaris L.) is reduced by 10°C chill-
ing at the 3–leaf stage and intermittent chilling
during the lifecycle was shown to reduce yield by
as much as 34% (Wierenga and Hagan, 1966).
Other effects of chilling on seedling growth are
summarized (Figure 3). These include water loss
due to increased membrane permeability; slow
closure of stomatal openings and reduced root
hydraulic conductivity and water uptake through
both roots and shoots (Wolk and Herner, 1982;
McWilliam et al., 1982). In sensitive species chill-
ing reduces the conductivity of the plasmalemma
and tonoplast of the guard cells, rendering the
stomata less responsive to changes in leaf water
potential. The combination of reduced water up-
take and slow closure of stomata under conditions
of continued evaporative demand in the light
causes a reduction in water potential leading to
wilting and, ultimately, to severe tissue dehydra-
tion (McWilliam et al., 1982). In a controlled
environment, treatments can be applied to ame-
liorate wilting in cold-affected plants. These in-
clude affecting stomatal closure by spraying leaves
with ABA or holding plants in the dark prior to
chilling to reduce transpiration and retain a more
favorable plant water balance. Maintaining a
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FIGURE 3. Effect of chilling injury on chickpea at the seedling to vegetative phenologcial stage. (Illustration of
chickpea seedling adapted from Cubero [1987].)
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water-saturated atmosphere around the shoots of
chilling-sensitive seedlings at low temperature is
another means of restricting loss of water through
transpiration to prevent wilting (Wilson, 1976;
McWilliam et al., 1982). The reduction in the
growth of seedlings from damaged seeds is also
associated with a slower rate of food reserve trans-
fer from the cotyledons to the growing axis.
Mobilization of food reserves is reduced in tis-
sues in which dead cells occur, because enzyme
activity is reduced (Powell and Matthews, 1978).

a. Acclimation of Seedlings

Seedlings may be conditioned or hardened by
exposure to temperatures slightly above the chill-
ing range (Wolk and Herner, 1982). Plants condi-
tioned in this way are more resistant to subse-
quent chilling than seedlings transferred directly
to chilling temperatures. In readily hardened, chill-
ing-sensitive plants, the degree of fatty acid
unsaturation associated with the phospholipid frac-
tion increased during low-temperature condition-
ing. Hardening does not cause an increase in total
leaf fatty acids or in the degree of unsaturation of
the glycolipids. The use of low temperature to
harden plants has also been shown to prevent the
loss of ATP, which normally occurs during chill-
ing (Wilson, 1978). In addition, acclimated maize
seedlings were found to have an increased anti-
oxidant defense system that scavenged reactive
oxygen species (ROS) during acclimation fol-
lowed by chilling stress (Prasad, 1996). It appears
likely that ROS-induced lipid peroxidation is, at
least in part, responsible for increased chilling
sensitivity in maize seedlings and, perhaps, all of
the chilling-sensitive crop plants (Prasad, 2001).

3. Mild to Late Vegetative Stage

Chilling range temperatures at the mid to late
vegetative stage retard growth rate and reduce
plant vigor. Siddique et al. (1983) describe a close
linear correlation between air temperature and the
appearance of expanded leaves in chickpea.
Khanna-Chopra and Sinha (1987) report the opti-
mum temperature for achieving maximum leaf

growth as 10°C to 25°C. These effects are due to
the same mechanisms that affect post-emergent
seedling growth, that is, reduced respiration and
photosynthesis, and in severe cases a loss of tur-
gor and subsequent water stress. Wilson and
Crawford (1974) demonstrated the degree of fatty-
acid unsaturation and the weight of phospholipids
decreased with age in leaves of plants grown at
25°C. They proposed the decrease in unsaturation
and weight of the phospholipids may be related to
an increase in sensitivity of older leaves to chill-
ing injury.

4. Reproductive Stage: Anthesis,
Pollination, and Pod Set

Air temperature and photoperiod have a ma-
jor influence on the timing of reproductive events
in chickpea, with the rate of progress to flowering
being a linear function of mean temperature
(Summerfield et al., 1980; Roberts et al., 1985).
Roberts et al. (1985) demonstrated that longer
photoperiods at any temperature result in faster
accumulation of the thermal sum required for
flowering. The earliest flowering genotypes are
the least responsive to photoperiod, and there is
no apparent correlation between relative sensitiv-
ity to temperature and relative sensitivity to pho-
toperiod. This fact, together with the lack of inter-
action between these environmental parameters,
suggests that while the response to temperature
and photoperiod both affect time of flowering,
they are under separate genetic control.

Nonoptimum temperatures constrain repro-
ductive development in higher plants at various
stages, including pollen development, transfer of
viable pollen to the stigma, pollen germination
and tube growth, and ovule fertilization and seed
development. Recent research by Clarke (2001)
indicated that pollen germination and vigour is
affected by chilling range temperatures. Sensitive
and tolerant cultivars can be ascertained under
chilling range temperatures from the relative ger-
mination of pollen and growth of pollen tubes in
vivo (Figure 4). Additional demonstrated and
hypothesized effects of chilling range tempera-
tures on chickpea reproduction are summarized
(Table 3). It is important to note that the sensitiv-
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FIGURE 4. Difference in pollen tube growth between chilling sensitive (cv. Amethyst) and
chilling tolerant (CTS 60543) chickpea genotypes. (Source: modified from Clarke [2001].)

ity of each of these stages may vary with the
severity of stress and the genotype.

Srinivasan et al. (1999) propose that the sen-
sitivity of chickpea to cold temperatures can be
attributed to the evolution of the species as a
spring/summer crop in West Asia, where flower-
ing and podding occur in progressively increasing
temperatures. Consequently, there has been no
selection in chickpea for cold tolerance at the
reproductive stage, resulting in a high degree of
sensitivity to both freezing range and chilling
range temperatures.

It should be noted that factors other than cold
can result in abortion of reproductive structures;
however, there is likely an interaction with tem-
perature stress effects. It is suggested that abor-
tion of reproductive structures in chickpeas and
other grain legumes can also be caused by water
stress (both inadequate or excess) (Keatinge and
Cooper, 1983; Siddique and Sedgley, 1986; Leport
et al., 1999; Davies et al., 2000). In chickpea,
cloudy weather, which can reduce incident solar
radiation (Hay and Walker, 1989) and is often
associated with rainfall and high humidity, has
also been implicated in high abortion rates (Aziz
et al., 1960; Varma and Kumari, 1978; Dahiya et

al., 1987; Khanna-Chopra and Sinha, 1987), and
reduced seed yield (Verghis et al., 1999). In
chickpea, experimental work by a number of au-
thors have shown that reduced light intensity on
its own can increase abortion of reproductive struc-
tures due to the premature bursting of the anther
sacs or the adverse effect of the weather on the
pollinated stigma and pollen (Chandrasekharan
and Parthasarathy, 1963; Khanna-Chopra and
Sinha, 1987).

V. BREEDING FOR TOLERANCE TO
FREEZING RANGE TEMPERATURES IN
CHICKPEA

In 1974/75, the Arid Lands Agricultural De-
velopment Program (now International Centre for
Agricultural Research in the Dry Areas —
ICARDA) undertook investigations into the fea-
sibility of growing chickpea over winter in the
Mediterranean region. All 192 genotypes sown in
the early winter in the Bekaa Valley of Lebanon
survived the winter, despite the occurrence of
subzero temperatures on several occasions (Hawtin
and Singh, 1984). These initial investigations
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TABLE 3
Effect of Chilling Range Temperatures on Chickpea Reproduction
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spawned more intensive screening tests of
chickpea germplasm, and subsequent incorpora-
tion of both tolerance to freezing range tempera-
tures at the seedling to early vegetative stage and
ascochyta blight resistance has led to the develop-
ment of cultivars suitable for early winter plant-
ing in the Mediterranean areas. Since these early
investigations, attention has been focused on the
development of effective field screening tests for
freezing tolerance, identification, and widespread
evaluation of sources of freezing tolerance, incor-
poration of freezing tolerance into a range of
genetic backgrounds and studies on the inherit-
ance of freezing tolerance.

A. Genetics of Tolerance to Freezing at
the Seedling Stage

In chickpea, Murray et al. (1988) has reported
the smallest range of tolerance to freezing tem-
peratures at the seedling and early vegetative stage
compared with the other three major grain le-
gumes, faba bean, field pea, and lentil. The inher-
itance of freezing tolerance in chickpea has been
the subject of only two studies (Malhotra and
Singh, 1990, 1991). Malhotra (1998) summarized
the results of these studies, suggesting that both
additive and dominance gene effects, additive
being the more important, govern the inheritance
of tolerance to freezing at the seedling to early
vegetative stage. These genetic studies indicated
the presence of additive × additive, additive ×
dominance, and dominance × dominance interac-
tions. However, additive and dominance param-
eters alone were not adequate to explain the tol-
erance to freezing exhibited in these crosses, and
it is suggested that genetic interactions may be
responsible for the expression of tolerance to freez-
ing in chickpea. Tolerance to freezing was found
to be dominant over susceptibility to freezing in
the material examined. Further to this, heritability
of freezing tolerance was high and visual selec-
tion possible under field conditions. Malhotra and
Singh (1991) suggest that selection in early gen-
erations should be effective due to the high heri-
tability of the trait and the limited number of
genes governing the inheritance of tolerance to
freezing range temperatures. However, Singh et

al. (1994) suggest that selection should be de-
layed until the F3 or later generations when domi-
nance effects are reduced. Although additive and
additive × additive gene effects, which can be
fixed, are present in almost all crosses, the pres-
ence of dominance and duplicate epistasis would
tend to retard the pace of progress through selec-
tion in early generations. Thus, selection for tol-
erance to freezing would be more effective if the
dominance and epistatic effects were reduced af-
ter a few generations of selfing.

It is important to note that all studies pertain-
ing to genetics of ‘cold tolerance’ in chickpea
have focused on tolerance to freezing at the seed-
ling and early vegetative stages. There is a clear
lack of information regarding the genetics of tol-
erance to chilling range temperatures at other
phenological stages in chickpea, for example, ger-
mination, flowering, and podding.

B. Screening Techniques to Identify
Genotypes with Tolerance to Freezing
Range Temperatures

The lack of rapid and accurate screening
methods is often a limiting factor in breeding
programs aimed at increasing freezing tolerance
and available methods are often subjective and
impractical (van Heerden and Krüger, 2000). A
screening method is effective if it can show dis-
tinct differences in injury to a tissue or process
(Srinivasan et al., 1996). The efficiency of a
screening technique depends on its ability to re-
produce the most probable conditions of develop-
ment of the stress in the target environment. It
requires characterization of the most probable
stress in the actual position in the plant cycle
(Wery et al., 1993) and its reproduction in condi-
tions where screening a large number of geno-
types can be made. These two steps are essential
for the representativeness and the reproducibility
of screening techniques (Wery et al., 1994). It is
also essential to identify the stage of development
at which freezing stress occurs in the target envi-
ronment of the breeder. To date in chickpea, field
screening has been primarily confined to freezing
tolerance at the seedling and early vegetative
stages.
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Measurement of freezing tolerance is further
complicated by the various factors that contribute
to winter hardiness and by the transient nature
and the variable magnitude of freezing tolerance
within and between species. Laboratory- and con-
trolled condition-based methods are particularly
beneficial in understanding the physiology of plant
responses to freezing stress. They are absolutely
necessary to enable reproducibility of experimen-
tal conditions. The main drawback of controlled
condition screening is that they cannot assess the
ability to survive the combined stresses of winter
(winter hardiness). Laboratory assessments of
freezing tolerance are based on artificial harden-
ing and freezing conditions that may not reflect
those experienced by the plants in the field. In
addition to this, it is not possible to assess large
numbers of germplasm under laboratory condi-
tions. On the other hand, field methods assess
overall winter hardiness but often fail to separate
the various stresses causing winter kill (Murray et
al., 1988) and are not reproducible. However, a
large number of germplasm lines can be screened
at a given time. For the purposes of this review,
the benefits and disadvantages of field and labo-
ratory screening are considered separately.

1. Screening for Freezing Tolerance in
the Field

Field trials for freezing tolerance require no
specific equipment and allow for screening of
thousands of genotypes. The inclusion of an ap-
propriate sensitive check cultivar acts as a control
to verify freezing stress conditions. ICARDA field
screening tests for freezing tolerance at the early
phenological stages have demonstrated it is usu-
ally sufficient to sow the same sensitive check
after every nine test genotypes (Singh et al., 1989).
The rating of the cultivars is made only after the
sensitive check suffers 100% mortality. The pre-
sentation of the results must be made with due
consideration of daily minimum air temperatures,
the amount and importance of snow cover, and
the ratings of known lines covering the scale of
sensitivity (Wery, 1990). The screening test must
be repeated successfully in another place or dur-
ing a second year.

Singh et al. (1989) developed a field screen-
ing technique for freezing tolerance in chickpea
grown in countries surrounding the Mediterra-
nean Sea (Table 4). The authors noted that screen-
ing for freezing tolerance was most productive at
low elevations in the West Asia North Africa
(WANA) region. Data indicated that freezing tol-
erance in different genotypes of chickpea varied
by planting date and that susceptibility was in-
creased with early planting. The effect of freezing
was gradually reduced with later planting dates
and disappeared in the material planted after mid-
December. The advancement of sowing date to
mid-autumn, with irrigation for rapid emergence,
allows the crop to reach an advanced stage of
growth when it is susceptible to freezing injury.
Based on these parameters, the following screen-
ing technique was proposed for the ICARDA
screening trials:

• Sow in October and irrigate to ensure plants
enter the winter season in the late vegetative
growth stage.

• Sow a susceptible check at frequent intervals
(commonly ILC 533).

• Evaluate test lines only if environmental con-
ditions are severe enough to kill the susceptible
check.

Using these criteria, extensive screening
of chickpea for freezing tolerance during the
early vegetative stage has been undertaken.
The main constraint to this process is to en-
sure the target range of low temperature each
year. In an effort to attain the required tem-
peratures, screening at high elevations has been
used extensively in chickpea. At high eleva-
tions, snow cover can protect the plants or the
temperature is lower than that of normal grow-
ing conditions, thus making it difficult to ex-
trapolate results to the conventional growing
regions. An alternative solution suggested by
Wery et al. (1994) is to screen at lower alti-
tudes in regions with days of -10°C without
snow cover. One major drawback of this tech-
nique is that the very early sowing date can
alter the phenological development pattern of
chickpea and hence the susceptibility to freez-
ing range temperatures.
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The most susceptible stage of the plant should
be matched with the period of frost and while
allowing the plants enough time to emerge and
harden before the first frost (Wery, 1990). Field
observations with chickpea have confirmed the
observations with other crops that seedlings are
not as sensitive to freezing injury as plants at the
late vegetative stage of growth (Sutcliffe and Pate,
1977). Thus, a sudden frost event at the latter
phenological stage can cause considerable dam-
age to plants and permit better discrimination
among genotypes for their freezing tolerance level.
Screening germplasm and breeding lines at the
late vegetative stage thus has been recommended
(Cousin et al., 1993; Singh et al., 1995). This can
be obtained with very early fall sowing in the
Mediterranean regions. It should be noted that no
correlation between frost tolerance at the late
vegetative stage and frost tolerance in the earlier
seedling stages has been established. Therefore,
screening in the late vegetative stage may not be
relevant to the majority of production areas where
at that stage the crop is unlikely to encounter very
low temperatures. As a further precaution it is

generally recommended to sow at two dates spaced
1 month apart to more likely meet the correct
conditions each year of testing (Wery, 1990;
Cousin et al., 1993). Altering the sowing depth of
chickpea to either above or below the normal
depth of 10 cm did not affect the freezing suscep-
tibility of the crop (Malhotra et al., 1990).

On the other hand, a high level of soil
nitrogen is known to decrease relative toler-
ance to freezing range temperatures in field
pea (Kephart and Murray, 1989). Malhotra et
al. (1995) investigated whether increased soil
nitrogen enhanced discrimination between
chickpea cultivars for tolerance to freezing
range temperatures. Nitrogen application at the
rate of 100 kg/ha was effective in enhancing
the discrimination between the genotypes. This
technique was subsequently recommended as
a way to ensure good preliminary field screen-
ing of susceptibility to freezing range tem-
peratures in chickpea. Such a high nitrogen
application induces excessive vegetative
growth and branching. Although it does en-
hance discrimination between the genotypes,

TABLE 4
Field Screening Freezing Tolerance Ratings Developed for Chickpea
(Singh et al ., 1989)
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caution should be exercised in adopting this
technique, because in some species the bal-
ance of nutrients affects the plants relative
freezing tolerance response. The nitrogen in-
teracts with the growth pattern, and hence true
genotypic response to freezing range tempera-
tures is difficult to determine.

2. Screening Under Controlled
Conditions

In addition to field screening, there are a
number of controlled condition- and labora-
tory-based tests available for the identification
of genotypes with tolerance to either freezing
range or chilling range temperatures. A number
of the more common techniques utilized in other
species are summarized (Table 5). While these
techniques enable separation of germplasm with
tolerance to specific temperature regimes, they
do not take into account the other stresses im-
posed by overwintering, for example, snow
cover or ice heaving, and results therefore will
need to be confirmed by field screening. Labo-
ratory-based methods may find a broader appli-
cation in determining genotypes that have tol-
erance to chilling at the reproductive stages,
because field conditions for this stress are easy
to replicate. Laboratory-based methods can also
be useful in screening a limited number of pa-
rental genotypes for a given trait, such as pol-
len vigor at chilling range temperatures. Ap-
propriate genotypes identified from this
screening can then be used in a hybridization
program to generate progenies with variable
tolerance to either freezing or chilling stress.
Only recently have laboratory-based screening
for tolerance to low temperatures, either freez-
ing or chilling, been undertaken in chickpea.
Clarke (2001) has developed a pollen tube
growth screening technique in order to identify
germplasm with chilling tolerance at the repro-
ductive stages. This technique compares pollen
tube growth of different genotypes at varying
temperatures and has been used to select puta-
tive chilling-tolerant lines as parents in the
breeding program at the Western Australian
Department of Agriculture.

VI. SOURCES OF TOLERANCE TO
SUBOPTIMAL TEMPERATURES

A. Sources of Tolerance to Freezing
Range Temperatures at the Early
Vegetative Stage

1. Cultivated Species

Some 20,000 lines of C. arietinum are held
within the gene backs of ICARDA and the Inter-
national Centre for Research in the Semi-Arid
Tropics — ICRISAT (Singh et al., 1995). To
date, breeders and researchers have screened ca.
10,000 germplasm and breeding lines and some
mutants (derived from the cultigen ILC 482) for
tolerance to freezing at the seedling to early veg-
etative growth stage. Initial work by Singh et al.
(1981) reported 100% plant survival in four of
3158 kabuli lines sown in October near Ankara,
Turkey (Altitude 1055 m). These lines survived
snow cover for 47 days during December to March,
when the air temperature reached –26.8°C. Three
of the landrace lines came from India (ILC 2636,
2479, and 2491) and one from Iran (ILC 410).
Under these conditions, nearly 90% of the acces-
sions did not survive. Subsequent screening iden-
tified further lines of the cultivated species with
some tolerance to freezing (rating of 4); however,
all these lines were susceptible to ascochyta blight,
which explains why winter sowing had not been
adopted previously in the Mediterranean areas.

Since this early research, field screening of
chickpea freezing tolerance at the early vegeta-
tive stages using the criteria developed by Singh
et al. (1989) has been extended by ICARDA to
9095 accessions, landraces, and breeding lines
(R.S. Malhotra, personal communication). To date,
no C. arietinum genotype has been identified with
a freezing tolerance rating of less than three, and
the bulk of the genotypes (ca. 86%) are rated as
moderately to completely susceptible (Figure 5).
In the cultivated species, the best sources of tol-
erance to freezing range temperatures at the seed-
ling to vegetative stage come from 13 kabuli lines.
There are three tolerant lines with a field rating of
three (ILC 1464, 3287, 3465) and 10 moderately
tolerant lines with a field rating of four (ILC
3470, 5638, 5663, 5667, 5947, 5951, 5953, 8262,
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TABLE 5
A Summary of Controlled Environment and Laboratory-Based Screening Techniques for the
Identification of Tolerance to Chilling and/or Freezing Range Temperatures
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8617, and a mutant line 482 M 17033). Singh et
al. (1992) selected from ILC 3470 to develop the
germplasm line ILC 8262. Singh et al. (1995)
suggest that absence of freezing tolerance in the
desi type could be because traditionally they have
been grown and selected in a relatively warmer
climate, for example,  the Indian subcontinent
and Ethiopia, than the kabuli type.

For chickpea, Singh and Jana (1993) identi-
fied a strong association between freezing toler-
ance at the early vegetative stage and growth
habit, seed size, and plant height. The majority of
the freezing tolerant kabuli lines had medium-
small size leaves and seeds, medium height, and
were late maturing. Unlike the parental germplasm,
some of the tolerant breeding lines were medium
flowering, large seeded, or both. The pedigree of
the breeding lines did not reveal any specific
trend for the contribution of freezing tolerance
genes. However, diversity for responses to freez-
ing in kabuli accessions were low (Singh and
Jana, 1993). This suggests that a greater emphasis
should be placed on collecting chickpea
germplasm from regions with high frequencies of
genotypes resistant to individual stresses, followed
by a breeding strategy to increase multiple stress
tolerance.

Elsewhere, Wery (1990) found genetic varia-
tion for tolerance to freezing temperatures (mini-
mum temperatures between –10° and –18°C) at
the seedling to early vegetative stage in southeast-
ern France in 27 chickpea lines, which included
several freezing tolerant lines from ICARDA.
Saccardo and Calcagno (1990) evaluated 835
chickpea lines in Italy and found that 27 were
freezing tolerant. Unlike Singh and Jana (1993),
they found no association between plant growth
habit (prostrate vs. erect) and freezing tolerance.

Singh et al. (1990) suggests that winter sow-
ing in colder temperate regions calls for a still
higher level of tolerance to freezing range tem-
peratures in chickpea such as that achieved for
field pea (Pisum sativum) and faba bean (Vicia
faba) (Cousin et al., 1985; Picard et al., 1985).
Thus, researchers have turned to the wild Cicer
genepool, in particular the annual species, in an
effort to identify further and possibly better sources
of freezing tolerance.

2. Wild Cicer

There are many examples of crops improved by
means of wide hybridization (Prescott-Allen and
Prescott-Allen, 1983). Wild relatives of chickpea
are a promising source of genes for tolerance to the
major biotic and abiotic stresses affecting yield sta-
bility in chickpea (Singh et al., 1989; Singh and
Reddy, 1993; Kaiser et al., 1994; Singh and Weigand,
1994; Di Vito et al., 1996). The Cicer genus com-
prises 43 species divided into four sections on the
basis of growth habit and morphology, Monocicer,
Chamaecicer, Polycicer, and Acanthocicer (Popov,
1928 to 29; van der Maesen, 1972; Muehlbauer,
1993). Eight of these wild species are of particular
interest to breeders because they share an annual
growth habit and a chromosome number of 2n = 16
with the cultivated species. Two, C. reticulatum (the
progenitor of C. arietinum) and C. echinospermum
can be routinely hybridized with chickpea and have
been utilized for genetic improvement in breeding
programs. There have been isolated reports of hy-
bridization between the cultigen and the species of
the secondary and tertiary genepools of Cicer using
conventional techniques (Singh et al., 1994; Verma
et al., 1995; Archana-Singh et al., 1999; Singh et al.,
1999); however, the success rate of such crosses is
very low. Recently, there has been renewed interest
in in vitro embryo rescue techniques to facilitate
interspecific hybridization in chickpea (Badami et
al., 1997; van Dorrestein et al., 1998; Mallikajuna,
1999).

Singh et al. (1990) evaluated the reaction to
freezing at the seedling to vegetative stage of 137
accessions of the eight wild annual Cicer species.
The level of tolerance in C. bijugum K.H. Rech.,
C. echinospermum P.H. Davis, C. reticulatum
Ladiz., and C. pinnatifidum Jaub. & Spach was
significantly superior to the cultivated species; in
C. cuneatum Hochst ex Rich, C. yamashitae
Kitamura, and C. judaicum Boissier it was inferior,
and in C. chorassanicum (Bunge) M. G. Popov it
was approximately equal to the cultivated species.
Among the tolerant accessions, five C. bijugum
accessions and four C. reticulatum accessions had
a rating of two (Figure 5) (Singh et al., 1995).

Singh et al. (1997) hybridized C. reticulatum
and C. arietinum, resulting in improved tolerance
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to freezing range temperatures at the seedling to
early vegetative stage. One such derived entry (from
a cross between cultigen ILC 482 and C. reticulatum
ILWC 36) when planted in autumn, gave as much
as 5700 kg seed ha–1 with a biomass of about 13 t
ha–1 when compared with about 2000 kg ha–1 for
the best yielding winter sown line. This and other
promising lines have been utilized as parental geno-
types in ICARDA’s breeding program along with
wild Cicer species to further enhance tolerance to
freezing range temperatures and to encourage on-
set of flowering and pod setting at lower tempera-
tures (Singh et al., 1997; Malhotra, 1998).

More recent field screening for freezing toler-
ance at the seedling to early vegetative stage under-
taken within the ICARDA breeding program has
revealed a C. bijugum line (ILWC 66) with a freez-
ing tolerance rating of one. Of the accessions and
lines tested, 72% of the wild Cicer germplasm ac-
cessions exhibited freezing tolerance compared to
0.2% of lines from the cultivated species (R.S.
Malhotra, personal communication). It is important
to note that, as for the cultivated species, there is
considerable duplication in the gene bank collec-
tions of wild species that may confound these results

(Abbo et al., 2003). It is fair to assume, however,
that there is a higher level of tolerance in the wild
Cicer germplasm. This is to be expected given the
occurrence of some of these species at high altitudes
and cold climates and the absence of continued
selection under a Mediterranean-type climate by
early farmers. The response of C. bijugum and
C. pinnatifidum is particularly promising because
accessions from these two species are also resistant
to important chickpea diseases such as ascochyta
blight (Singh et al., 1990). It is clear that tolerance
to freezing range temperatures in the cultivated spe-
cies can be improved via the introgression of genes
from the wild species (Singh et al., 1995).

B. Sources of Tolerance to Chilling
Range Temperatures during the
Reproductive Stage

1. Cultivated Species

ICRISAT has released three cultivars that set
pods at chilling range temperatures (ICCV 88503,
ICCV 88506, ICCV 88510) (ICRISAT Plant

FIGURE 5. Comparison of freezing tolerance ratings at the seedling to early vegetative stage within the cultivated
and the wild annual Cicer germplasm. (Source: Robertson et al. (1995), Dr. R.S. Malhotra, personal communication.)
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Material Description No. 53). All of these culti-
vars are derived from a cross involving a common
parent, ICC 8923, originating from Russia (Iden-
tity: K 1189) (Sethi, S.C. personal communicatin).
This parent appears to be contributing the chilling
tolerance at pod set in these cultivars. Material
derived from this parent is also being utilized in
controlled environment studies in Western Aus-
tralia. These studies have identified two stages of
sensitivity to chilling range temperatures in
chickpea (Clarke et al., 1998). The first occurs
during pollen development in the flower bud,
resulting in infertile pollen even in open flowers.
The second stage of sensitivity occurs at pollen
tube growth. At chilling range temperatures the
pollen tubes grow slowly, fertilization is less likely
to occur, and the flower often aborts (Clarke,
2001). The rate of pollen tube growth at low
temperature is closely related to the chilling toler-
ance of the whole plant (Plate 2a and 2b). There-
fore, this trait can be used to select more tolerant
varieties.

Experiments have shown that, except in the
case of isolated frost events, it is the average of the
day/night temperature that is more important for
flowering and pod set rather than any specific ef-
fects of either the maximum or minimum tempera-
tures. The critical average daily temperature for
abortion of flowers in most varieties currently grown
in Australia is about 15°C (Lawlor et al., 1998).
New hybrids that set pods at about 13°C are being
developed. In the field, chilling tolerant breeding
lines set pods 1 to 2 weeks earlier than most current
varieties. As well as conventional methods for plant
improvement, DNA-based techniques such as
amplified fragment length polymorphisms (AFLPs)
are also being investigated (Clarke, 2001).

2. Wild Cicer

To our knowledge, there has been very little
screening of wild Cicer species for tolerance to
chilling range temperatures at the reproductive stage.
Preliminary screening undertaken under controlled
conditions at CLIMA, The University of Western
Australia, has indicated that C. reticulatum, the wild
progenitor of cultivated chickpea, may avoid injury
from chilling range temperatures at this stage by

delaying flowering until the temperatures have
reached a critical level (H. Clarke, unpublished data).
Further screening of the wild annual genepool is
required before it is known if there is a source/s of
chilling tolerance from these species.

The annual Cicer species have received the
most attention from plant geneticists and breeders.
However, it is likely that genes for tolerance to
both chilling and freezing range temperatures are
present in the wild perennial species. Van der
Maesen and Pundir (1984) have indicated that the
perennial species C. microphyllum is tolerant to
freezing range temperatures and may be an impor-
tant source of tolerance. To date, perennial species
have not been utilized in Cicer breeding programs,
and there is a paucity of information on the avail-
ability or cultivation of wild perennial Cicer spe-
cies (Kaiser et al., 1997). Factors contributing to
this lack of knowledge include difficulty in seed
collection and growth. Many perennial species grow
in poorly accessible mountainous areas, and travel
to some countries where these species are indig-
enous has been very difficult or impossible due to
political reasons (Kaiser et al., 1997). It is also
often difficult to grow and maintain perennial Cicer
species outside their naturally adapted areas (van
der Maesen and Pundir, 1984).

As pointed out by Ocampo et al. (1998), the
evaluation of wild genetic resources of Cicer is
only a preliminary step in the exploitation of wild
relatives for the genetic improvement of crops.
Comprehensive estimation of the breeding value
of wild accessions is possible only after their intro-
gression into cultivated genotypes. Genetic reshuf-
fling of diverse taxa, along with breeding proce-
dures that enable breakage of undesirable linkages,
may produce agronomically suitable genotypes not
expected from parental performances.

VII. NEW TECHNOLOGIES FOR
IDENTIFICATION AND INTRODUCTION
OF TOLERANCE TO FREEZING AND
CHILLING RANGE TEMPERATURES

A. Molecular Markers, Genome Mapping

Genome mapping in chickpea has progressed
slowly over the last decade from linkage maps based
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PLATE 2a. Pollen tube growth in cold sensitive cultivar Amethyst following exposure to chilling range temperatures.
(Photograph courtesy of Dr Heather Clarke, University of Western Australia.)

PLATE 2b.  Pollen tube growth in cold-tolerant cultivar CTS 60543 following exposure to chilling range temperatures.
(Photograph courtesy of Dr Heather Clarke, University of Western Australia.)
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on isozymes (Gaur and Slinkard, 1990; Muehlbauer
et al., 1990; Kazan et al., 1993), to RFLPs, RAPDs
(Udupa et al., 1998; Simon and Muehlbauer, 1997),
and to a number of microsatellite-based markers.
Weising et al. (1992) were the first to demonstrate
the presence of simple repetitive sequences (SSRs),
or microsatellites, in chickpea. This DNA finger-
printing technique is highly polymorphic, enabling
intraspecific mapping in chickpea (Sharma et al.,
1995a, 1995b).

More recently, sequence tagged microsatellites
(STMS) have been developed for chickpea (Huttel
et al., 1999). Subsequent research has shown that
some of the repeat sequences are distributed
nonuniformly across the chickpea genome, while
others are better candidates for genetic mapping
(Gortner et al., 1998). Taking this into account,
Winter et al. (1999) is currently exploiting the
immense potential of such STMS markers for
genome mapping. In particular, this marker sys-
tem could play an important role in the construc-
tion of an anchor map for chickpea since STMS
are transferable across populations segregating
for different traits. In the future they could be
used to bring together existing linkage maps based
on isozymes, RFLPs, and microsatellites. In addi-
tion, the occurrence of retrotransposan-like se-
quences has been demonstrated in the chickpea
genome (Staginnus et al., 1999). This family of
repetitive DNA sequences is currently being ex-
ploited as a marker system in field pea (Ellis et
al., 1998; Pearse et al., 2000). Comparative map-
ping between chickpea and other legumes dem-
onstrates extensive homology between chickpea
and lentil (Kazan et al., 1993). These results,
along with previous studies, suggest that pea, len-
til, and chickpea have several common linkage
groups consisting of homologous genes and be-
tween chickpea and field pea (Simon and
Muehlbauer, 1997; Pandian et al., 2000; http://
jic-bioinfo.bbsrc.ac.uk/bioinformatics-research/
comparative/index.html; T.H.N. Ellis, personal
communication). This suggests future researchers
could take advantage of the more extensively
mapped field pea genome, which can be viewed
as the ‘model’ system for legumes. The use of
model plants such as barrel medic (Medicago
trunculata) should also be explored.

Chickpea possesses eight distinct chromo-
somes containing approximately 1 × 109 base pairs
DNA (Bennett and Smith, 1976) and has the po-
tential to be an excellent system for genome map-
ping and map-based analysis. DNA markers could
play an important role in tagging genes for toler-
ance to freezing and chilling range temperatures
(Eujayl et al., 1999), but to our knowledge there
has been no publication of molecular markers
linked to this trait in Cicer. In other species, the
use of molecular markers to enhance the breeding
for tolerance to abiotic stresses, including chilling
tolerance, has been reported in tomato and maize
(Vallejos and Tanksley, 1983; Guse et al., 1988),
where isozyme markers were found associated
with the trait. Linkage between DNA markers and
genes conferring frost tolerance has also been
observed. Byrne et al. (1997), using a DNA
marker-based genetic map of a large population,
reported quantitative trait loci influencing frost
tolerance in Eucalyptus. Eujayl et al. (1999) de-
veloped a population of recombinant inbred lines
(RILs) in lentil from a cross between a tolerant
and a susceptible parent. Their purpose was to
identify DNA markers linked to a gene conferring
tolerance to radiation frost and to determine the
mode of inheritance of radiation-frost tolerance in
lentil. The results of the Chi-square test suggested
a single major gene controlling tolerance to radia-
tion-frost injury. In contrast to these results, win-
ter hardiness in cereals appears to be the final
expression of a number of interacting component
traits and freezing tolerance genes have been as-
signed to many different chromosomes in wheat,
barley, and maize (reviewed by Hayes et al., 1996).

The development of doubled haploid lines of
chickpea, which are currently unavailable, would
significantly accelerate the development of marker
systems for traits such as freezing and chilling
tolerance. Researchers at The University of
Sasktachewan, Canada, and The University of
Western Australia have reported the development
of chickpea haploid embryos to the heart-shaped
stage from isolated microspore culture, and re-
search is continuing in order to overcome barriers
to embryo maturation and germination (Lülsdorf
et al., 2001). A detailed genetic map of chickpea
would benefit gene cloning, functional genomics,



211

and the development of transgenic plants. The
rapid development of the science of functional
genomics offers the opportunity to gain a further
understanding of the genetic basis of tolerance to
freezing range and chilling range temperatures
and the identification of specific genes associated
with this stress.

B. Transgenic Approach

The transformation approach, which first be-
came available in chickpea in the early 1990s
(Fontana et al., 1993), offers an alternative sys-
tem for the introduction of genes from distant
relatives or novel sources for tolerance to freezing
range or chilling range temperatures. Researchers
at CLIMA have successfully transformed all the
major winter grown grain legumes and have de-
veloped a routine, variety independent protocol
for chickpea (Hamblin et al., 1998). However, the
lack of information regarding the actual genes
involved in conferring tolerance (chilling or freez-
ing) in chickpea has limited the application of
transformation technology in combating this prob-
lem.

C. Crop Simulation Models

Soltani et al. (1999) developed a simple
mechanistic model for the simulation of chickpea
phenology, development of leaves as a function
of temperature, accumulation of biomass as a
function of intercepted radiation, dry matter accu-
mulation of grains as a function of time and tem-
perature, and soil water balance. The use of such
physiologically based crop simulation models in
management of temperature stress in chickpea
deserves greater attention. Our ability to accu-
rately assess the interaction of the numerous pro-
cesses over the crop life cycle is limited, and the
development and use of crop simulation models
can help in selecting relevant physiological traits
for breeding. Agronomic practices such as time of
sowing, sowing density, and irrigation can comple-
ment freezing- or chilling-tolerant varieties to en-
sure the increased productivity of chickpea in

regions subject to stress. Crop simulation models
can assist in identifying the optimum agronomic
practices such as time of sowing to avoid damage
to chickpea from suboptimal temperatures at criti-
cal stages. In addition, breeders could utilize simu-
lations to choose the best field locations and sow-
ing times for precision screening for either freezing
range or chilling range temperatures.

VIII. SUMMARY AND FUTURE
DIRECTIONS

The deleterious effect of low-temperature
stress in chickpea on plant survival, growth, and
biological yield has been described by a number
of authors. Despite this, there has been little elu-
cidation of the basic physiological and biochemi-
cal changes that occur at the cell and organ level
of chickpea as a result of either freezing or chill-
ing range temperatures. A limited amount of re-
search has been undertaken into the effects of low
temperature on the reproductive processes of
chickpea; however, mechanisms and genetic con-
trol have yet to be identified.

Screening of chickpea germplasm, landraces,
and breeding lines have confirmed that there is a
low level of tolerance to freezing range tempera-
tures available within the cultivated germplasm,
consistent with the general lack of genetic diver-
sity within this species. In contrast to the domes-
ticated chickpea, the wild Cicer species experi-
enced limited selection pressure and are hence
more genetically diverse. Screening of the wild
annual Cicer species has identified valuable
sources of tolerance to freezing stress at the seed-
ling and early vegetative stage, most probably
due to their evolution in regions experiencing
cold winters.

Further screening of wild Cicer species, both
annual and perennial, is now required to identify
the best source of genes for freezing and chilling
tolerance. It appears that the major sources of
tolerance have come from specific geographical
regions. Greater emphasis therefore should be
given to collecting wild accessions from these
regions and evaluating current collections on the
basis of eco-geographic data. Promising acces-
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sions can be targeted as parents in wide hybrid-
ization crossing programs; however, greater em-
phasis is required on the development of in vitro
techniques to enable crossing of the cultivated
species with Cicer species outside the primary
genepool. Such techniques would also enable the
transfer of genes from accessions that exhibit
superior levels of resistance compared with the
cultivated species for other biotic and abiotic
stresses.

In the Indian subcontinent and Australia, where
chickpea is primarily a winter crop, production is
far more likely to be constrained by chilling range
temperatures during the reproductive stages rather
than freezing injury during the early vegetative
stages. Increased adoption of winter sowing tech-
nology and expansion of production regions to
higher altitudes in the West Asia–North Africa
region means producers in this area will also re-
quire cultivars with tolerance to chilling stress at
the reproductive stages. There has been far less
effort in screening of either cultivated chickpea or
the wild Cicer species for tolerance to this stress.
Further screening of wild Cicer accessions and
more targeted collection is required for this trait.

Rapid and reliable screening techniques such
as molecular markers or pollen selection would be
of considerable value to plant breeders. A detailed
map of chickpea will greatly facilitate marker-
assisted selection. The exploitation of the more
extensive maps already available for other legumes
such as field pea, lentil, or barrel medic could also
indicate potential sites for important genes.

It is clear that suboptimal temperatures in both
the freezing and chilling range can be detrimental
to chickpea production worldwide. Further effort
in screening germplasm, including Cicer wild rela-
tives, for tolerance to chilling and freezing range
temperatures is now required, as is a better under-
standing of the mechanisms involved in conferring
tolerance to this stress. This information will lead
to the development of widely adapted cultivars that
will be instrumental in the spread of chickpea cul-
tivation to new production regions.
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