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Flooding is a major environmental stress that severely limits crop productivity and it
has become a major problem worldwide. More than one third of the world’s irrigated
area suffers due to flooding, frequently or otherwise. It may result due to heavy
rainfall, faulty irrigation, unleveled land, poor drainage or heavy soil texture. Various
morpho-physiological, biochemical and anatomical changes induced in root system
during flooding, for example reduction in the shoot-root relative growth, Formation
of thicker adventitious roots or air roots, arenchyma formation and cuboidal packing
of cells enhances the longitudinal transport of gases, the major shift occurs in the
carbohydrate metabolism of the plants, which move towards lactate and ethanolic
fermentation to provide the required ATP. Oxygen diffusion is 10,000 times slower
in waterlogged soil as compared to air. Continued flooded conditions lead to lack
of oxygen in the soil, restricting respiration of the growing roots and other living
organisms. Soil chemical properties also change when anaerobic conditions persist
for several days. This is followed by loss of chlorophyll of the lower leaves, arrest of
crop growth and proliferation of surface root growth with the retreat of water level.
Plant transpiration is affected under anaerobic conditions and extended water logging
results in root death due to inadequate oxygen supply.
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Introduction
Soil water is a critical factor of plant distribution in the world,
and even usually causes environmental stress such as drought or
waterlogging to affect plant characteristics. In tropical and subtropical
regions, excessive rainfall is the major constraint for crop production.
Flooding is an environmental stress that severely limits crop growth
and productivity. It has become a major problem in some parts of the
world. Flooding is common in rain-fed ecosystems, especially in soils
with poor drainage. Waterlogging affects 10% of the global land area
and is one of the most important constraints imposed on agricultural
crop production. The yield penalty resulting from waterlogging may
vary between 15% and 80%, depending on the species, soil type and
duration of the stress. Flooding can seriously reduce yield among the
stresses considered by the Food and Agriculture Organization (FAO)
and the International Institute for Applied Statistical Research in their
estimates of global arable land area and global productivity. Flooding
can result in yield reduction of up to 10% and 40% in severe cases.1
Waterlogging often occurs in many regions around the world because
of excessive rainfall or poor drainage. By reason of hypoxia in the
plant rhizosphere, waterlogging can severely impair the performance
of terrestrial plants, whose morphological and physiological
responses are prone to activation. The leaf is also very receptive
to waterlogging; respiration changes in the leaf, leaf chlorophyll
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content and photosynthetic assimilation have been detected during
a waterlogging period. In particular, chlorophyll fluorescence
characteristics are usually influenced under waterlogging conditions.
A reduction in the maximum quantum yield of photosystem (PS) II
(Fv/Fm) after the onset of waterlogging has been reported in some
plant species.2 This decline may be induced by the lowered stomatal
conductance (gs), altered hormonal status and disordered mineral
nutrient uptake. Furthermore, these factors can also change other
indices of chlorophyll fluorescence, such as, electron transport, nonphotochemical quenching (NPQ) and photochemical quenching in
environmental stress. After waterlogging, recovery is very critical
to each plant species, especially to cultivars. An ideal waterloggingtolerant species not only survives waterlogging, but also rapidly
recovers after it. The recovering capabilities of some plant species
are strikingly different from one another after waterlogging drainage.
Some waterlogged species can rapidly recover to the control level after
waterlogging, and others take a very long time. Vegetables are the
best resource for overcoming micronutrient deficiencies and provide
smallholder farmers with much higher income and more jobs per
hectare than staple crops.3 The worldwide production of vegetables
has doubled over the past quarter century and the value of global trade
in vegetables now exceeds that of cereals. Vegetables are generally
sensitive to environmental extremes, and thus excessive soil moisture
or flooding is the major causes of low yields in the tropics and will be
further magnified by climate change. Meager information is available
in respect to the flooding stress in vegetable crops. Therefore it is need
to see the sights the effect of waterlogging stress on vegetable crops.

Physico-chemical events during flooding
Change rhizosphere chemistry
Excess water causes a sharp decrease in soil redox potential,
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resulting in very significant changes to the soil elemental profile.
As soon as the free oxygen is depleted, nitrate is used by soil
microorganisms as an alternative electron acceptor in respiration.
Manganese (Mn) oxides are the next electron acceptors, followed by
iron and sulphate. This results in a dramatic build up in the amount of
soluble iron (Fe2+) and Mn2+ in the soil solution, often to above toxic
levels.4 It should be also kept in mind that the solubility of potentially
toxic metal cations is strongly dependent on soil pH and the toxicity of
some of these elements may increase even further in some soil types
(such as Mn2+ in acid soils). It should be noted in this context that
waterlogging usually results in a drift towards neutrality, thus causing
changes in nutrient solubility. As waterlogging stress progresses, a
further decrease in redox potential results in the reduction of sulphate to
hydrogen sulphide. Finally, methane formation, from the reduction of
carbon dioxide and certain organic acids, is initiated at redox potentials
of 200mV (at pH7). Impeded gas exchange during soil waterlogging
also leads to high partial pressure of CO2 (pCO2) in the root zone,
with some serious consequences for root growth and metabolism.
High root zone (pCO2 will lead to high concentrations of HCO3) in
the cytoplasm, with implications for metabolic regulatory systems.
Rice and other wetland plants can tolerate high pCO2 but non wetland
species suffer rapid damage. Also, in waterlogged soils, the main form
of plant-available nitrogen (N) is NH4+, and plant adaptations to NH4+
Vs NO3- nutrition may be important under prolonged waterlogging.
Some wetland species are particularly efficient at absorbing NO3, possibly to scavenge NO3- formed in the rhizosphere by nitrifiers
depending on O2 released from roots. Numerous volatile (short-chain)
fatty acids and phenolics also accumulate in soils during prolonged
waterlogging.
Soil flooding usually influences plant growth in a negative way
as nutritional point of view. Waterlogging reduces the endogenous
levels of nutrient in different parts of plants.5 Oxygen deficiency in the
root zone causes a marked decline in the selectivity of K+/Na+ uptake
and impedes the transport of K+ to the shoots. The early senescence
of leaves and the retarded growth of shoots in flooded plants are
caused by the inhibition of nitrogen (N) uptake and the consequent
redistribution of nitrogen within the shoot. Moreover, the hampered
efficiency of photosystem (PS) II is attributed to the deficiencies of N,
P, K, Mg and Ca. It is evident from the literature that adverse effects of
waterlogging are not due to the toxic levels of Na and Fe but reduced
concentrations of N, P, K, Ca and Mg are the major contributors.2

Plant metabolism and energetic alteration
Aerobic respiration by roots and microorganisms reduces the oxygen
concentration in the rhizosphere leading to hypoxia/anoxia. Therefore,
aerobic respiration gets hampered, oxidative phosphorylation is
negligible and plants shift their metabolism to anaerobic mode. One
of the most important consequences of energy limitation under anoxia
is altered redox state of the cell. Due to unavailability of oxygen,
the intermediate electron carriers in electron transport chain become
reduced, affecting redox active metabolic reactions. Therefore, cells
require maintaining their redox characteristics, i.e. NADH/NAD+
ratio unaffected under waterlogging.6 Saturated electron transport
components, the highly reduced intracellular environment and low
energy supply are the factors favorable for reactive oxygen species
(ROS) generation. The consequences of ROS formation depend on
the intensity of the stress as well as on the physicochemical conditions
in the cell (i.e. antioxidant status, redox state and pH. Generation of
ROS under stress condition may cause lipid peroxidation, enzyme
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inactivation, and oxidative damage to DNA.7 Elevated cytoplasmic
Ca2+ concentration, cytoplasmic acidification and change in cell
membrane permeability are the most common features observed
under waterlogged conditions. Inhibition of mitochondrial respiration,
ATP synthesis and photosynthesis. Anaerobic metabolism (ethanolic
and lactic fermentation) ANPs synthesis. Species tolerant to soil
waterlogging are generally considered those able to maintain their
energy level via fermentation. In addition to keep on appropriate
energy level maintenance of cytosolic pH is critical. When hypoxia or
anoxia occurs the pH of the cytoplasm shows an early decrease that
is attributed to an initial production of lactic acid by fermentation.
According to the “Davis- Roberts pH–state theory” the decline in pH
permits the switch from lactate to ethanol fermentation by inhibition
of lactated dehydrogenase (LDH) and activation of ADH.8 Because
acidosis increases cell necrosis, the switch taking place maintains pH
at approximately 6.8 thus allowing cell survival.

Alterations in physiological mechanisms
One of the earliest responses to soil flooding is a reduction in
stomatal conductance, inhibition of stomatal aperture. Low O2
level may also reduced hydraulic conductivity (Lp) consequently
to decreased root permeability. The decrease in Lp may linked to
aquaporins gating by cytosolic pH9 and also limit water uptake thus
in term of leading internal water deficit.10,11 O2 deficiency generally
induced a rapid reduction in the rate of photosynthesis which is
generally considered as results of reduced stomatal aperture, decrease
in leaf chlorophyll contents, early leaf senescence and a reduction in
leaf area may also contribute to inhibition of photosynthesis in later
stage. Indeed waterlogged soil tends to reduce the translocation of
photosynthesis product from ‘source’ leaf to ‘sink’ root12 as a results
the maintenance of photosynthetic activity and accumulation of
soluble sugar to roots is clearly an important adaptation to flooding.
In vegetables waterlogging caused a marked reduction in stomata
conductance of bitter melon. This reduction in gs resulted in increased
leaf water potential.13 In contrast, Ashraf et al.,14 found no significant
correlation between stomata conductance and water potential of okra
plants under waterlogged conditions.

Root respiratory capacity
Reduction of root respiration is one of the earliest responses of
plants under anoxia, regardless of whether the plants are floodingtolerant or intolerant.15–22 The respiratory capacity of bitter melon
fell to 28% that of the non-flooded bitter melon level after 5days
of flooding.20 This phenomenon may be valuable for survival and
may help flooded roots scavenge any oxygen available around the
roots. A high oxygen consumption rate in root tips is associated with
respiration, which is required for related metabolic activities, such as
generation of ATP. Under flooded conditions, plant roots are in a state
of hypoxia, their metabolic activity is inhibited and ATP production
decreased.23 The decreased ATP production restricts the supply of
energy for root growth, thus reducing vegetative growth.

Anaerobic metabolism of roots
Plants also respond to anoxia by altering the pattern of protein
synthesis. The proteins which are synthesized as a specific response to
anaerobiosis are called the anaerobic polypeptides (ANPs).24 Several
ANPs have been characterized by means of protein chemistry and the
molecular approach. All the characterized polypeptides are glycolytic
enzymes.25,26 Among the ANPs, ADH is predominant and has been
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extensively studied.24 Newly synthesized ADH isozymes emerge
during flooding in many plants19,20,27 and with different biochemical
properties. The reaction catalyzed by the enzyme is, however, not
the rate-limiting step in ethanolic fermentation and the regulatory
significance of the massive induction of ADH remains unclear.28

Photosynthetic capacity of mesophyll cells
The activation level of Rubisco in flooded bitter melon increased
above the control value after 1 day of flooding and subsequently
declined to a lower level.13 Changes in the level of activation of
Rubisco reflect the level of carbamylation of Rubisco,29 which in turn
is regulated by Ci and light intensity.30 In general, the activation level
of Rubisco generally declines as Ci increases.30–32 The relationship
between Rubisco activation and the internal CO2 concentration of
leaves has been extensively discussed by Liao et al.13 The activation
level of Rubisco was observed to be 92% at a Ci level of 240µbars
in control plants; this increased to 103% as Ci increased to 251µbars
and then declined as Ci further increased in flooded plants. When Ci
was raised to 355µbars, the activation level of Rubisco fell to 79%
of the control level.13 The effect of elevated Ci on the activation
level of Rubisco agrees well with the ambient CO2 enrichment
reported by Sage et al.,30 & von Caemmerer and Edmondson.31 Under
elevated Ci, the pool size of RuBP was found to decline and the
level of phosphoglycerate (PGA) to increase in three different plant
systems.31–33 Sage34 suggested that excessive consumption of RuBP
may switch off the active site of Rubisco, thus maintaining a balance
between RuBP consumption and its regeneration, and regulating
the activation of Rubisco. The bitter melon studies indicate that Ci
elevation may affect Rubisco regulation in a similar manner.13 It has
been established that the carbamylation/decarbamylation equilibrium
of Rubisco involves reversible active enzyme-CO2-Mg2+ complex
formation. Formation of this complex is pH dependent and has been
observed in leaf homogenates35 and isolated chloroplasts.36 At a
concentration of 0.2M Mg2+, optimal Rubisco activity was found to
be between pH 8.5 to 10, whereas 90% of the enzyme activity was
lost when the pH was lowered to 7.0.35 Andrews et al.,37 postulated
that a high level of CO2 favors over production of PGA and leads to
acidification of the stromal phase, thus reducing the carbamylation
level of Rubisco. In bitter melon seedlings, Rubisco activity was found
to average 59% of the control value on the 7thday after flooding.13 In as
much as Rubisco catalyzes the initial reaction during the assimilation
of atmospheric CO2,37 the activation level of Rubisco should be
positively correlated with the rate of photosynthesis. The leaf soluble
protein of flooded bitter melon was found to decline slowly and to
reach an average of 75% of the control level on the 7thday of flooding,
but the Rubisco content was reduced significantly. Based on the
positive correlation between Rubisco activity and Rubisco content
(R2=0.89) as well as on the decreased activation level of Rubisco, it
can be inferred that a reduced quantity of Rubisco protein as well
as reduced activity of existing enzymes may cause Rubisco activity
to decline during flooding. Furthermore, it was reported that phloem
transport of photosynthates was blocked38 and that the demand for
sucrose loading was lowered. This may lead to an accumulation of
starch in the chloroplasts.13,39 It can, thus, be suggested that feedback
inhibition of starch accumulation may result in a reduction of CER in
flooded plants. The many physiological responses observed indicate
that both stomatal and metabolic factors are responsible for the
reduction of CER during flooding stress.
Leaf gas exchange parameters have been used to study the
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photosynthetic capacity of plants during flooding. Except in some
flood-tolerant plants that have developed adaptive mechanisms so
as to maintain better photosynthetic capacity,40 flooding causes a
significant decrease in the capacity for leaf gas exchange in most
flooding-intolerant plants. Examples are Lycopersicon esculentum,41
Pisum sativum,42 Studies showed that in pea plants that were subjected
to soil flooding, the foliar ABA content increased, accompanied by
closure of stomata’s.43,44 Similar results have been observed in tomato45
and apples.46 Furthermore, a decrease of stomatal conductance
was found to be correlated with an increase of leaf water potential
in flooded bitter melon.13 Those observations indicate that marked
stomatal closure results in an increase in leaf water potential. It can be
hypothesized that stomatal closure slows the transpiration rate, thus
preventing leaf dehydration.47 In control and flooded plants, stomatal
conductance was shown to be correlated with CER (CO2 exchange
rate).48–50 These results imply that stomatal aperture is a limiting factor
for CER.
The internal CO2 concentration (Ci) of leaves was found to
increase linearly with the duration of flooding, despite a reduction of
stomatal conductance. The ambient CO2 concentration was estimated
to average 350μ bars, but less than 300μ bars were detectable in the
leaf intercellular space in leaves of bitter melon plants that had not
been subjected to flooding. The Ci was found to be 380μ bars in
flooded bitter melon on the 6thday of flooding.13 These data suggest
that factors such as
i. Reduced photosynthetic capacity
ii. A respiratory CO2 evolution rate exceeding the CO2 fixation rate
iii. Increased stomatal resistance may be involved in Ci elevation.
It was found that respiration of leaves increased significantly
during flooding.13 Flooding has been reported to cause stomatal
closure directly, without affecting the photosynthetic capacity, in V.
ashei.51,52 thus decreasing Ci. It has been suggested that the stomatal
aperture regulates the decline of CER. However, in flooded bitter
melon seedlings, Ci was observed to increase.13 Other plants, in which
Ci was found to remain unchanged with flooding, are C. illinoensis,49
C. sinensis grafted onto C. jamthiri and C. aurantium rootstocks50
and bitter melon grafted onto luffa rootstocks.48 These observations
suggest that stomatal aperture is not the only limiting factor for
CER but is partly responsible for the decrease in the photosynthetic
capacity of mesophyll tissue.
The activation level of Rubisco in flooded bitter melon increased
above the control value after 1 day of flooding and subsequently
declined to a lower level.13 Changes in the level of activation of
Rubisco reflect the level of carbamylation of Rubisco,29 which in
turn is regulated by Ci and light intensity.30 In bitter melon seedlings,
Rubisco activity was found to average 59% of the control value on the
7th day after flooding.13 In as much as Rubisco catalyzes the initial
reaction during the assimilation of atmospheric CO2,53 the activation
level of Rubisco should be positively correlated with the rate of
photosynthesis. The leaf soluble protein of flooded bitter melon was
found to decline slowly and to reach an average of 75% of the control
level on the 7thday of flooding, but the Rubisco content was reduced
significantly.
Based on the positive correlation between Rubisco activity and
Rubisco content (R2=0.89) as well as on the decreased activation level
of Rubisco, it can be inferred that a reduced quantity of Rubisco protein
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as well as reduced activity of existing enzymes may cause Rubisco
activity to decline during flooding. Furthermore, it was reported that
phloem transport of photosynthate was blocked and that the demand
for sucrose loading was lowered. This may lead to an accumulation of
starch in the chloroplasts.13,39 It can, thus, be suggested that feedback
inhibition of starch accumulation may result in a reduction of CER in
flooded plants. The many physiological responses observed indicate
that both stomatal and metabolic factors are responsible for the
reduction of CER during flooding stress.

Morphological and anatomical modification
Development of suberized epidermis, arenchyma, hypertrophied
lenticels, and adventitious roots waterlogging stress is also known to
cause a number of morphological and anatomical changes in plants.
For example, the presence of hypertrophied lenticels is a common
anatomical change observed in different woody species under flooding
stress.54 Radical cell division and expansion near stem base results in
hypertrophic growth. In addition, it is also believed to be associated
with ethylene and auxin production.55 The lenticels are thought to be
involved in the downward diffusion of O2 as well as, the compounds
produced as by-products of anaerobic metabolism (ethanol, CO2
and CH4). Although, the actual physiological role of lenticels is still
unclear, their presence is often linked to waterlogging tolerance in
plants.56 Moreover, the number of hypertrophied lenticels is more
under the water surface that supports the argument stating their
involvement in maintenance of plant water homeostasis and deviating
from the argument that dictates their role as important facilitators of
oxygen entry toward the root system. Their potential role in the plant
water homeostasis is evident from their active involvement in partially
replacing the decaying roots and facilitating water intake for the
shoot.11 Formation of adventitious roots potentially replacing the basal
roots is considered as one of the potential morphological adaptations
depicted by plants under waterlogging stress.57 These specialized
roots maintain the continuous supply of water and minerals when the
basal root system fails to do so. Furthermore, the deterioration of the
main root system is taken as the sacrifice providing energy for the
development of well adapted root system.58 In addition, the formation
of adventitious roots is associated with waterlogging tolerance of
plants.59 Another important morphological response of plant is the
development of lacunae gas spaces (aerenchyma) in the root cortex.
The formation of aerenchyma is considered as an adaptive response
of the plant under flooding stress.60 There are two types of processes
involved in the development of aerenchyma. The first is constitutive
development of aerenchyma as it is not linked with the abiotic stress.
It is formed by the cells separated during tissue development. This
type of cell death occurring as a result of cell separation is termed
as shizogeny, regulated developmentally and independent of
external stimulus. It is formed as a result of highly regulated tissue
specific pattern of cell separation. The second type of aerenchyma
development is known as Isogeny since it is formed due to partial
breakdown of the cortex that resembles programmed cell death and
its formation depends on the external stimulus like abiotic stress.61
Kramer62 reported that tomato plants survive flooding conditions
through the production of new adventitious roots. He further stated
that the resumption of shoot growth might be attributed to a renewed
supply of hormone from the new adventitious roots.

Flooding stress in vegetable crops
Plant age, time and duration of flooding, condition of the floodwater
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and site characteristics influence significantly flood tolerance among
plant species, genotypes and rootstocks. Flood-tolerant plants
endure waterlogging by multifaceted interactions of morphological,
anatomical and physiological adaptations. Tolerant genotypes also
resist inundation through production of hypertrophied lenticels,
aerenchyma tissue and adventitious roots.55 In order to increase crop
productivity in flooded soils, development of flooding-tolerant lines
is required.
Vegetable production occurs in both dry and wet seasons in
the tropics. However, production is often limited during the rainy
season due to excessive moisture brought about by heavy rain. Most
vegetables are highly sensitive to flooding and genetic variation with
respect to this character is limited, particularly in tomato. In general,
damage to vegetables by flooding is due to the reduction of oxygen
in the root zone which inhibits aerobic processes. Flooded tomato
plants accumulate endogenous ethylene that causes damage to the
plants.63 Low oxygen levels stimulate an increased production of an
ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC),
in the roots. The rapid development of epinastic growth of leaves is a
characteristic response of tomatoes to water-logged conditions and the
role of ethylene accumulation has been implicated.64
Barclay and Crawford65 reported that an internal ethanol
concentration of 60m mol/L appeared to be the threshold value for
survival of pea seedlings, and that anoxic death occurred when this
concentration was exceeded. To conclude, for poisoning due to
excessive accumulation of ethanol to be avoided, it may be important
for flooded roots to be able to excrete the ethanol produced by aerobic
metabolism. The severity of flooding symptoms increases with rising
temperatures; rapid wilting and death of tomato plants is usually
observed following a short period of flooding at high temperatures.66
Stomatal closure and epinastic curvature take place in some
roots and shoots; hence, the effects may involve adjustments to the
translocation of hormones or their precursors between the above and
below-ground parts. ABA concentrations were found to increase in
roots of pea plants during the 2nd, 2rd and 4th days of flooding, causing
stomata to partially close and enriching the leaves with the hormone.44
Neuman et al.,67 found a doubling of the ABA concentration in the
xylem sap of de-topped Phaseolus vulgaris plants after flooding, thus
allowing the plants to gain access to the sap which was expressed
under pressure. Furthermore, epinastic curvatures can be induced by
small amounts of exogenous ethylene and shoots of flooded plants
contain increased amounts of endogenously produced gas.68 Bradford
et al.,41 also discovered that the ethylene precursor ACC increased in
xylem sap of de topped tomato plants after 12hours of flooding. This
suggests that ACC ascends from the roots to the shoots of intact plants.
Flooding stress reduces plant absorption of inorganic nutrients. As
a consequence, the adventitious roots of plants can obtain oxygen from
air and absorb nutrients; this characteristic may play an important role
in its adaptation to flooding conditions. In a study on tomato, Walter
et al.,69 demonstrated that tomato had the most vigorous adventitious
root growth compared to cucumber, zucchini and bean. Mano et
al.,70 reported that Dicotyledonous plants (e.g. soybean and tomato)
generally form taproot system but develop adventitious roots under
flooding conditions.71 This characteristic allows the root system to
obtain oxygen directly from the air because the adventitious roots
formed in the soil and even at the soil surface. The importance of
adventitious root formation during flooding has been previously
reported for barley72 and Italian ryegrass.73
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Remarkably exogenous glucose delayed the onset of ultra structural
disintegration in excised pea root cells.74 Zhang and Greenway75
found that feeding exogenous sugar to beet roots prevented depletion
of sugar supplies in the shoots and enhanced ethanolic fermentation.
Wample et al.,39 confirmed that the accumulation of starch in leaves of
flooded sunflower plants is a reflection of reduced phloem transport.
The results of those studies generally implied that flooding reduces
phloem transport and causes further accumulation of photosynthate in
leaves and depletion of carbohydrates in roots.
Vartapetian74 also reported that upon exposure of detached
pea roots to anoxia for more than 9hours periods, there was an
irreversible change in the membrane structure and loss of oxidative
and phosphorylative activities of mitochondria. Continuous supply
of fermentable sugars to roots is considered to be critical for longterm survival of peas, pumpkin and several herbaceous plants under
anoxia or flooding.23,43,76 In theory, if the translocation path is blocked,
assimilates in leaves will not be able to reach the roots, thus resulting
in a sugar deficiency in the roots. The sugar level in flooded roots
of bitter melon was, however, found to be higher than that in the
unflooded control.77 Root starch tends to play a role in increasing the
level of sugar in the early flooding stage.
Recently, Vincent Ezin et al., reported that the effect of flooding
on two tomato cultivars and two wild related species. Parameters
studied include plant height, number of leaves, leaf length, chlorophyll
fluorescence, chlorophyll content, wilting, leaf senescence,
adventitious root formation, number of flowers and fruits from cluster
2 to 6, and average weight per fruit, fruit length and width, total fruit
weight from cluster 2 to 6, total yield per plant. LA1579 genotype was
more subjected to the deleterious effect of flooding on almost all the
parameters studied. Therefore LA1579 genotype is flooding sensitive.
Genotypes CLN2498E, and CA4 showed high tolerance to flooding
while LA1421 genotype was tolerant to some extent. This information
could help in the identification of physiological and agronomical
parameters associated with flood-tolerance in vegetables.
78

Water logging of orchard inhibits flower bud initiation, anthesis,
fruit set, fruit size and its quality. If flooding happens during the
course of fruit development then some fruits burst or crack. The high
internal pressure within the fruit, due to osmotic absorption of water
through the root, causes fruit cracking. Fruit cracking in grapes and
citrus fruits is a major concern and it badly impairs the quality of the
fruit.55

Management
damage

practices

overcome

flood

Several management practices have been reported to help crops
partially or entirely overcome flood damage. For example, the
application of nitrogen (N) fertilizers overcomes N deficiency, while
natural or synthetic hormones are used to correct hormone imbalances
and the addition of fungicides help control soil-borne pathogens.
Because of reduced root activity, flooding causes a significant
decrease in N content and the rate of N accumulation in plants. Plantavailable N in soils is also very low because of leaching or runoff.
Yellowing of leaves due to loss of chlorophyll from leaves within two
to three days of waterlogging is probably attributed to N deficiency.
Thus, a strategic use of N fertilizer after flooding may alleviate N
deficiency and enhance crop recovery from flooding. Growers should
apply fertilizers as soon as soils become dry enough for tractor
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operation. Foliar application of liquid fertilizers is more effective than
broadcasting dry fertilizer because of root damage due to flooding.
Many kinds of N fertilizers can be used for crops after flooding.
Recently tested several fertilizers for their effectiveness in
recovering flood-damaged vegetable crops and found that potassium
nitrate performed the best, urea the second best and calcium nitrate the
third. A regular granular dry fertilizer, such as 10N-10P2O5-10K2O,
also can be used for flooded crops, but it is not as effective as foliar
and liquid fertilizers.
Various plant growth regulators have been associated with
alleviation of waterlogging damages, but there is a dearth of
information available on their effects on waterlogged crops. Spraying
shoots with a synthetic cytokinin (6-benzylaminopurine [BAP]) has
been reported to reduce flooding damage by improvements in leaf
extension and retard premature loss of chlorophyll in older leaves.
This was related to application of BAP compensating for the restricted
transport of natural cytokinin from the root system, affecting
metabolism of gibberellins and adversely affecting the inhibitory
action of abscisic acid on growth.
Flooding increases the severity of diseases. The symptoms of
diseased roots are discoloration, rotting of the root and the premature
death of the plant. The damage reduces the ability of the root systems
to obtain mineral nutrients or perform other functions essential
to the shoot. Two common diseases, Phytophthora and Pythium,
cause greatest damage to roots in poorly drained soil. Application of
fungicides probably reduces the incidence of disease in waterlogged
plants and thereby increases plant tolerance to flooding.

Physiological and molecular approaches to
induce waterlogging tolerance
Scientists from different geographical regions of the world are
actively involved in making the plants tolerant to flooding stress by
the use of exogenous application of nutrient and plant hormones. For
example, recently, Ashraf et al.,5 reported that exogenous application
of potassium in soil and as foliar spray alleviated the adverse effects of
waterlogging on cotton plants. Likewise, Ashraf et al.,79 reported that
application of nitrate in soil proved useful in mitigating the harmful
effects of waterlogging on different physiological attributes of maize.
Likewise, Yiu et al.,80 found that exogenous application of spermidine
and spermine provoked several biochemical and physiological
adaptations in onion when exposed to flooding stress. Therefore, the
use of these organic and inorganic compounds offers an excellent
platform for inducing tolerance to flooding stress.
Genetic enhancement using molecular technologies has
revolutionized plant breeding. Advances in genetics and genomics
have greatly improved our understanding of structural and functional
aspects of plant genomes. Combining new knowledge from genomic
research with traditional breeding methods enhances our ability to
improve vegetable plants. The use of molecular markers as a selection
tool provides the potential for increasing the efficiency of breeding
programs by reducing environmental variability, facilitating earlier
selection and reducing subsequent population sizes for field testing.
Molecular markers facilitate efficient introgression of superior
alleles from wild species into the breeding programs and enable the
pyramiding of genes controlling quantitative traits. Thus, enhancing
and accelerating the development of stress tolerant and higher
yielding cultivars for farmers in developing countries. Molecular
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marker analysis of stress tolerance in vegetables is limited but efforts
are underway to identify QTLs underlying tolerance to stresses.
Studies indicate that stress tolerance is quantitatively inherited and in
some cases tolerance is dependent on the developmental stage of the
plant. Consequently, multiple genes are predicted to be involved with
the expression of stress tolerance. This is a critical tool to identify
the QTLs underlying tolerance to environmental stresses. Many
genes associated with stress tolerance have recently been determined
using high throughput expression assays. Integration of QTL
analysis with gene discovery and modeling of genetic networks will
facilitate a comprehensive understanding of stress tolerance, permit
the development of useful and effective markers for marker-assisted
selection and identify candidate genes for genetic engineering.
Increasing crop productivity in unfavorable environments requires
advanced technologies to complement traditional methods which
are often unable to prevent yield losses due to environmental
stresses. In the past decade, genomics has developed from whole
genome sequencing to the discovery of novel and high throughput
genetic and molecular technologies. Genes have been discovered
and gene functions understood. This has opened the way to genetic
manipulation of genes associated with tolerance to environmental
stresses. Many activities using these genetic and molecular tools are
in place, with some successes. National and international institutes
are re-tooling for plant molecular genetics research to enhance
traditional plant breeding and benefit from the potential of genetic
engineering to increase and sustain vegetable productivity. Vegetable
production in the tropics is often limited during the rainy season as
most vegetables are highly susceptible to flooding. Genetic variation
in this characteristic is limited, particularly in tomatoes, which rapidly
wilt and die following a short period of flooding, particularly at
high temperatures.66 Only limited molecular marker analysis of the
characters underlying flooding tolerance in vegetables has been done
but work is currently underway at AVRDC–The World Vegetable
Center to identify quantitative trait loci (QTLs) underlying tolerance
to flooding tolerance in vegetables. The Center is developing easy and
reliable screening methods for characterizing new sources of flooding
tolerant germplasm from both wild relatives and cultivated lines.
Vegetable production occurs in both dry and wet seasons in
the tropics. However, production is often limited during the rainy
season due to excessive moisture brought about by heavy rain. Most
vegetables are highly sensitive to flooding and genetic variation with
respect to this character is limited, particularly in tomato. In general,
damage to vegetables by flooding is due to the reduction of oxygen
in the root zone which inhibits aerobic processes. Flooded tomato
plants accumulate endogenous ethylene that causes damage to the
plants.63 Low oxygen levels stimulate an increased production of an
ethylene precursor, 1-aminocyclopropane-1-carboxylic acid (ACC)
in the roots. The rapid development of epinastic growth of leaves
is a characteristic response of tomatoes to water-logged conditions
and the role of ethylene accumulation has been implicated.64 The
severity of flooding symptoms increases with rising temperatures;
rapid wilting and death of tomato plants is usually observed following
a short period of flooding at high temperatures.66 Tolerance of crops
to flooding is related to many morphological and physiological traits
that are under strong environmental influence.81 Waterlogging has
been a major risk for cucumber production also. The genome of
cucumber (750-1000cm) is estimated to have seven linkage groups.
However different linkages have been observed in several studies.
Development of molecular-marker linkage map in many species has
facilitated the identification of chromosome regions associated with
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Quantitative Trait Loci (QTL). This has provided the opportunity to
gain an accurate understanding into traits inheritance and genome
organization. Although progress has been made in QTL associated
with waterlogging tolerance in other crops such as rice, maize, wheat82
and soybean,83 little is known about QTL for waterlogging tolerance
in cucumber. An indirect selection of waterlogging tolerance using
marker assisted selection may prove to be an excellent substitute over
traditional phenotypic selection and could improve the efficiency of
conventional plant breeding especially as markers are not affected by
the environment. Moreover, development of molecular markers for
waterlogging tolerance in cucumber would be necessary for future
cloning of waterlogging tolerance genes of cucumber. Yeboah et al.,84
analyzed QTL for waterlogging tolerance of cucumber at the early
growth stage, using F23 population from a cross between susceptible
and tolerant cucumber lines with the help of ISSR and SRAP markers.
In their study a genetic linkage map containing 30 ISSR and 32
SRAPs markers was constructed, spanning a total of 992.2cM with
an average interval of 16.0cM. A total of 25 putative QTL were found
to be associated with the six traits studied using Composite Interval
Mapping (CIM). The QTL for the waterlogged traits accounted
for 7.9-33.2% of the phenotypic variations while the control traits
accounted for 6.9-19.1% of the phenotypic variations. Although the
detected regions need to be mapped precisely, the findings and QTL
found in this study could provide useful information for future genetic
studies in cucumber flooding tolerance.
It can be inferred from the aforesaid discussion that waterlogging is
one of the major constraints for sustainable agriculture. Its effects are
evident on the entire plant as well as, cellular levels. There is the need
to screen available germplasm for waterlogging tolerance and use the
genes responsible for inducing tolerance in other potential crops so
as to make them resistant as well. Waterlogging causes deficiency of
several essential nutrients. Therefore, exogenous application of these
nutrient or other plant hormones could be used so as to alleviate the
adverse effects of waterlogging.
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