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Growth, development, yield, and even normal functioning of the tropical and subtropical fruit crops are affected by
flood stress due to unpredictable climate change. Flooding-induced anerobic respiration affects the cell integrity
by the excess intake of Reactive Oxygen Species and other phytotoxic components, which affects both vegetative
and reproductive growth and leads to yield loss or complete crop loss. These anerobic condition favors the growth
of microbes which cause Phytophthora root rot. Wilting, necrosis, leaf yellowing, shedding of leaves, and stunted
growth are the symptoms shown by flooded plants due to the reduced photosynthetic activity. Due to flood-induced
oxidative stress, a plant undergoes morphological, physiological, and biochemical adaptations for survival. Formation
of aerenchyma, adventitious root, hypertrophic lenticels, pneumatophores, and leaf epinasty are the morphological
adaptations observed in fruit crops. Some of the preventive measures which increase the tolerance toward flood stress
are the selection of flood-tolerant rootstocks, pruning to maintain the aerial part/root ratio, application of fertilizers to

Oxidative stress.

improve the redox potential, plant recovery, and improved mycorrhizal colonization in the roots.

1. INTRODUCTION

Climate change (CC) is a serious threat which affects human
health, food security, water availability, and general socioeconomic
advancement in many nations. Irregular monsoons, droughts,
and floods due to CC create an impact on farmers’ income and
agricultural production. One-degree increase in average worldwide
temperature causes 3—7% decline in the productivity of agricultural
crops [1]. The estimated reduction of yield due to CC was 4.5-9%
during the period 2020-2039 and in annual gross domestic product,
it declined from 0.7% to 1.35% [2]. Flood affects the productivity of
agricultural crops at 15,966.345 ha and horticultural crops at 2,328.73
ha in Thanjavur District, Tamil Nadu, India [3]. Flooding poses a
significant threat to both food production and economic prosperity
on a global scale. Annually, it impacts approximately 17 million km?
of land surface, resulting in substantial damage to agricultural crop
yields [4]. Waterlogging affects nearly 10% of the world’s land area
and in between 2006 and 2016, floods were responsible for two-thirds
of the total global crop loss and damage [5].

Flooding leads to reduction in soil redox potential, alteration of soil
chemical composition, increased ionic elements, and increased toxicity.
Flooding increases the soil pH and sodium adsorption ratio and affects
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the physiochemical properties, and it not only affects the crop yield
but also makes the soil unproductive and unfit for cultivation due to
depletion of nutrients [6]. Excess irrigation suppresses the growth and
development of plant due to reduced gaseous exchange in the root zone
which elevates soil salinity. The intense rainfall-induced fertile topsoil
erosion affects productivity. Plants require the optimum level of water
throughout their life cycle; the increased water content affects cell
integrity and leads to plant mortality. Waterlogged soil lacks adequate
aeration, hindering normal plant growth and function, thus making
plants more prone to diseases, reducing resistance mechanisms, and
causing excessive soil nutrient leaching. Flooded fruit crops exhibit
symptoms such as chlorosis, wilting, leaf scorching, shedding of
leaves, fruit drop, stem and limb dieback, and tree mortality [7].

The objective of this review is to describe how waterlogging impedes
the growth and development of fruit crops amidst global warming and
the increased likelihood of heavy rainfall, which can significantly. We
focus on the changes in cell decisions on integrity and their symptoms
in fruit species to aid in future thrust in research and improve fruit
production under the altered changing environmental conditions. This
is one aspect which has not received adequate attention. The review
focuses on taking it as a major chapter beginning with the cell wall and
then various parts of the cell.

2. IMPACTS OF FLOODING IN PLANTS

2.1. Limited Oxygen Availability (Hypoxia)

Waterlogging replaces air from the soil pores which hinders the gas
exchange between soil and atmosphere and it affects root respiration
and root activity resulting in an energy deficit. Adenosine triphosphate
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(ATP) is the primary energy source for the cell and its metabolism,
but in flooded plants, ATP production was restricted. Flooding-
induced O, deficiency affects the photosynthetic activity and it leads
to decreased chlorophyll levels, reduced stomatal aperture, premature
leaf aging, and a decline in leaf area, it also affects the source—sink
activity of photosynthetic products. Insufficient O, affects the electron
transport chain components dependent metabolic reactions due to
the alteration of redox balance in cells. Hence, maintaining NADH/
NAD ratio is important for normal cell functioning under flood stress.
Electron transport components coupled with a reduced intracellular
environment promote reactive oxygen species (ROS) generation
which limits the energy supply leading to enzyme inactivation, lipid
peroxidation, and DNA damage [8]. Under hypoxia conditions,
metabolic activity and ATP production are disrupted, which hinders
root and vegetative growth. Stagnant water creates more stress than
moving water, and banana trees under non-circulating flooding show
tolerance up to 24-48 h but the circulating water showed tolerance
up to 72 h toward flood [9]. Figure 1 explains the impact of flooding
on plants. An area worth research is the level of anoxia that the plant
is subjected to and how to overcome this by oxygenation and also
ensuring the availability of oxygen.

2.2. Anerobic Respiration

Flooding leads to an energy crisis, and low O, availability halts
ATP production which disrupts the electron transport chain and
mitochondrial respiration. To maintain the energy level, plants shift
from erobic respiration to anerobic. Normally, the tricarboxylic acid
(TCA) cycle produces 38 ATP molecules from 1 molecule of glucose
but the glycolysis and ethanol fermentation pathway produce 2 ATP
molecules. Anerobic respiration leads to energy wastage and lifts the
fermentation level and cytoplasmic acidosis and also increases the
toxicity due to acetaldehyde, ethanol, and lactic acid accumulation [10].
In anerobic fermentation, two pathways involved in energy production
are lactate dehydrogenase (LDH), which enhance the production of
lactic acid and alcohol dehydrogenase (ADH), in which pyruvate is
converted into acetaldehyde [11]. Extended flooding induces the
formation of ROS, lactic acid, hydrogen peroxide (H,0,), aldehydes,
and ethanol which leads to cellular death and complete senescence of
plants. These conditions not only affect the vegetative growth but also
affect the reproductive phase by yield reduction [12]. Depending upon
the adaptation level of species, flood stress causes cell death within an
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Figure 1: Flooding affects plant metabolism and cell integrity

hour or can extend to days. The degree of tolerance/susceptibility to
waterlogging of fruit crops is an area worth to be probed.

2.3. Effect on Photosynthesis

Flooded plants prevent water loss by reducing stomatal conductance,
which unintendedly affects the photosynthetic activity and also
some factors such as low water potential, irregular photo assimilates
transportation, reduced chlorophyll content, and reduced photosynthetic
enzymes activity, which affects the net photosynthetic rate [13]. Flood
affects leaf gaseous exchange and CO, net assimilation resulting in
leaf yellowing and senescence due to reduced photosynthetic activity
and degradation of chlorophyll [14]. Increased photosynthetic rate
coincides with morpho-anatomical adaptations such as hypertrophied
lenticels and adventitious roots (ARs) formation [15]. Other factors
that limit photosynthesis were reduced and increased activity of
ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco) [15],
and soluble carbohydrates accumulation [16], resulting in reduction
of leaf area, suppression of leaf formation, formation of leaf lesions,
and abscission.

3. EFFECTS OF FLOOD STRESS AT CELLULAR LEVEL

Flood stress-induced oxidative stress generates ROS such as
superoxide, hydrogen peroxide, and hydroxyl radicals, and also,
the anerobic respiration by-products such as lactic acid and ethanol
can disrupt cell function and lead to cell death. The adequate level
of ROS synthesis showed beneficial impacts such as promotion
of plant growth and development, stimulation of cell division, and
enlargement but the abounded synthesis of ROS can induce oxidative
stress resulting in tissue death [17]. Excess ethanol accumulation
affects membrane fluidity, functions of membrane proteins, and
induces cell depolarization causing cell death. The promotion of
protein denaturation and cell turgor alteration leads to cellular
dehydration [18]. Lactic acid synthesis induces cellular acidification
and disturbs the pH equilibrium that changes the enzyme function and
cell integrity. Decreased pH alters the distribution and concentration
of crucial ions such as K', Ca’, and Mg"™ which affects signal
transmission, membrane-based transport, nutrient absorption, enzyme
functions, and other cellular operations [19]. Figure 2 explicates the
impact of flood stress on cellular cell.

3.1. Cell Wall

Flooding affects cell wall expansion, bringing cell wall loosening,
increased lignification, changes in cell wall porosity, and hindering
cell wall degradation. Flooding activates enzymes such as
expansins, xyloglucan endotransglucosylases/hydrolases, and pectin
methylesterases, which cause changes in cell wall expansion, elasticity,
and flexibility [20]. Flood-induced alteration in pH levels and ion
concentrations causes cell wall loosening [21]. Flooding-induced
down-regulation of proteins such as B-galactosidase, f-glucanase,
and P-glucosidase inhibits the cell wall elongation and impedes
plant growth [22]. Waterlogging leads to down-regulation of genes
responsible for cell wall degradation and structure alteration, which
hinders the root growth and formation of lateral roots [23].

3.2. Cell Membrane

Flooding disrupts ionic and nutrient equilibrium leading to electrolyte
leakage such as potassium, calcium, and magnesium from the
cytoplasm; which elevates membrane permeability and membrane
protein damage [24]. Accumulation of harmful ions such as Na*
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Figure 2: Flooding effects in cell integrity and plant response

and CI by roots during waterlogging affects the cell integrity by
disrupting the ionic balance [25]. Flood stress reduces turgor pressure,
which leads to loosen arrangement of cells and widening of cell gaps
observed as reduced thickness of leaf [26]. Elaborate studies on loss of
cell integrity and osmolyte leakage as a consequence of flooding are
observations that need to be addressed.

3.3. Cytoplasm

Cytoplasmic acidosis triggered by the acid leakage from vacuole
affects the root tips and hypoxia tolerance capacity which leads to
cell death. Due to the inhibition of energy generation, cytoplasmic
acidosis leads to loss of viability of hypoxia tissue by low pH levels.
Anerobic respiration induces lactic acid production, but cytoplasmic
acidosis triggers ethanol production which suppresses the lactic acid
production during hypoxia causing cell death [27].

3.4. Chloroplast

Prolonged waterlogging affects photosynthetic enzyme activities
due to reduced synthesis of chlorophyll observed as leaf yellowing,
senescence, and shedding. New leaf production is also suppressed
finally resulting in death due to reduction of photosynthetic
rate [28]. Flood-induced stomatal closure also declines the leaf
ability to capture light for photosynthesis [29]. Floods also cause
reduction in photosynthetic pigments, carotenoids, rubisco activity,
and sucrose transportation from source to sink [30]. Flood stress
affects the chloroplast arrangement and chloroplast abundance
within mesophyll cells [31] and alters the structure of chloroplast
such as initiation of lamella structure loosening, increased
osmophilic particle count, and swelling and rounding of chloroplast
[32]. Structurally, it causes damage to chloroplast outer membranes,
disruption of grana-lamellae arrangements, alterations in shape, and
plasmolysis [33].

3.5. Mitochondria

Mitochondria plays a crucial role in cellular respiration and energy
production, besides cell differentiation, apoptosis and transmission

of cellular information [34]. Altered mitochondrial structure due
to rupture and degradation of outer membranes by flooding can
lead to mitochondrial fusion [33]. Waterlogging induces swelling
and eventual disintegration of mitochondria [35]; Vitamin C within
mitochondria triggers programmed cell death (PCD) which triggers
cell necrosis; their mechanism adapts flood stress. Flooding affects
the integrity of mitochondria making it unable to provide sufficient
energy to transport the photosynthetic products to potential sinks
within chloroplasts. This delayed transport of excess starch damages
the structure of thylakoids, impacting the photosynthetic efficiency
and activity of chloroplast [36].

3.6. Endoplasmic Reticulum (ER)

Depleted ATP level and O, starvation by flood stress affect the protein
synthesis in ER, unfolded or misfolded protein accumulation induced
by the unfolded protein response (UPR) pathway [37], which triggers
PCD pathway. UPR prompts ER stress by upregulation of chaperone
proteins which limits the synthesis of new proteins and augments
protein degradation pathways, either ending in cellular dysfunction or
apoptosis [38]. Waterlogging affects the ribosomal proteins resulting
in reduced protein abundance, protein synthesis, and glycosylation
and also delays protein translocation. Calnexin, an ER-localized
molecular chaperone is involved in protein folding got reduced during
waterlogging [39].

3.7. Peroxisome

During unfavorable conditions, peroxisomes act as a safeguard toward
ROS due to the overabundance of glutathione peroxidase (GPX),
ascorbate peroxidase, glutathione reductase (GR), catalase (CAT),
peroxiredoxins, dehydro-, monodehydro-ascorbate reductase, and
superoxide dismutase (SOD) [40]. H,O, production in peroxisomes
induces oxidative stress, but the enzyme monodehydroascorbate
reductase present in both peroxisomes and mitochondria catalyzes
the decomposition of hydrogen peroxide. Glutathione is a non-protein
thiol that plays an important role against oxidative damage by ROS
within peroxisomes [41].
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3.8. Nucleus

Flood alters the protein level and nuclear function by various
transcription factors such as SNORKELI1, SNORKEL2, and
SUBMERGENCE1 which provides tolerance to submergence.
In addition, mRNA levels of proteins are also reduced due to
flooding [42]. Extreme stress causes DNA fragmentation, and these
fragmentations induce replication stress during mitosis that leads to
chromosomal abnormalities and mutations [43]. Waterlogging affects
the cellular signaling pathways and ROS-induced DNA damage leads
to cell death [44]. Table 1 gives the flood-induced changes at cellular
level and the plant response.

4. MECHANISMS AND ADAPTATIONS BY PLANTS

Plants undergo various mechanisms for survival and adaptation in the
face of different challenging environmental stresses, which encompass
alterations in their physical structure as well as physiological,
biochemical, and molecular reactions.

4.1. Antioxidant Production

Hydrogen peroxide (H,0,), superoxide radicals (O,"), and hydroxyl
radicals (HO") trigger lipid oxidation, breakdown of leaf membrane,
oxidative damage to DNA, protein, and severe damage to cell
organelles [45]. H,O, controls the aerenchyma formation [46], but the
lowest concentration acts as signaling molecule to mitigate stress [47].
To maintain the equilibrium of ROS, plants are dependent on active
antioxidants and systems of antioxidant enzymes such as CAT, POD,
and SOD, thereby mitigating oxidative damage [48]. Elevated H,0,
content in leaves impairs photosynthetic organs causing premature
senescence. CAT regulates H,O, levels by converting it into O, [49].
Exogenous application of y-aminobutyric acid enhances chlorophyll
content and photosynthetic rate by stimulating antioxidant enzyme
activity such as CAT, GR, SOD, ascorbate peroxidase (APX), and
POD and also suppresses malondialdehyde (MDA) and H,O, levels,
thereby enhancing tolerance to waterlogging [S0].

Increased levels of antioxidant enzymes such as CAT, SOD, GR, APX,
MDA, GPX, and proline were involved in ROS scavenging mechanisms
in bananas under waterlogging [51]. CAT and APX mitigate stress-
induced damage [52]; GPX acts as an oxygen radical scavenger [53].
Production of very few leaves with reduction in biomass production, root
length, and plant height was observed in apple trees under hypoxia stress
due to an abundance of superoxide radicals and hydrogen peroxide [54].

Table 1: Flood-induced changes in cell organelle and plant response.

Increased carotenoids, proline, and soluble sugars were observed in the
flooded purple passion plant (Passiflora edulis f. edulis) [55]. Castro-
Dugque et al. [56] found out that the foliar application of glycine betaine
and hydrogen peroxide improves the ability of leaf water potential,
stomatal conductance, relative water content, photochemical efficiency,
chlorophyll content, and net photosynthesis in waterlogged Cape
gooseberry (Physalis peruviana). All these reveal the pivotal role of
ROS and the regulatory role of antioxidants that are critical in flood
tolerance. Hence, this area deserves maximum attention as it is the basic
physiological mechanism underlying flood tolerance.

4.2. Regulations through Gene Expression and Transcriptional
Factor

H,O, regulates ethylene (ET) signal transduction and influences
the transcription of downstream hypoxia-responsive genes, such as
ADHI and ERF73/HREI, in Arabidopsis [57]. ET signaling enhances
ethanol fermentation which temporarily alleviates energy deficiencies
and enhances plant adaptability to waterlogging and the expression
of Plant Cysteine Oxidase and ET Response Factor ERFVIIs which
were crucial for oxygen sensing in flooded conditions specifically,
MaERFVII-3, MaERFVII-2, MaERFVII-1, and ADH1 genes are crucial
for flooding tolerance in banana [S1]. ET biosynthesis enzymes such
as l-aminocyclopropane-1-carboxylic acid oxidase and S-adenosyl-L-
methionine upregulated in flooded roots, because ET is the key regulator
for the flooding response [58]. ERFVII transcriptive factor promotes ATP
production through glycolysis and fermentation during hypoxia [59].

Downregulated NCED1 gene and upregulated ABA degradation gene
(ABA 8’ -hydroxylase gene) were the genes associated with ABA
pathway regulating flood stress [60]. Overexpressed AtACOS in
Arabidopsis enhances the production of ET and expansion of cells,
boosting tolerance toward flood stress [61], while overexpressed
CsARNG.1 facilitates AR formation [62]. Constitutive expression of
TaERFVIL.1 improves immunity against waterlogging stress, leading
to increased rate of survival and content of chlorophyll [63]. Similarly,
overexpression of HVERF2.11 enhances the biosynthesis genes
of antioxidants (AtPOD1, AtSODI1) and biosynthesis gene of ET
(AtACOLl) and provides resistance toward flooding [64]. Expression
of PDC and ADH-related genes enhances ethanol fermentation to
provide energy support for the waterlogged plants [65]. GmADH?2
gene enhanced seed germination under waterlogging [66] and PDC1
gene showed increased tolerance toward flood stress [67].

Cell organelle Flood stress-induced changes Plant response References

Cell wall Cell wall loosening and degradation Suppression of lateral root formation [113]

Cell membrane Leakage of electrolytes such as potassium, calcium, and Reduced leaf thickness [137]
magnesium from the cytoplasm

Cytoplasm Cytoplasmic acidosis Wilting, stunted growth, and yellowing of leaves [91]

Chloroplast Chlorophyll degradation, disruption of grana lamellae, and Yellowing and shedding of leaves [103]
thylakoid arrangements

Mitochondria Swelling and disintegration of mitochondria; Leaf senescence and Stunted growth [132]
Mitochondrial apoptosis, Programmed cell death,

Endoplasmic reticulum Unfolded or misfolded protein accumulation leads to PCD Stunted growth [82]

Peroxisome Excess production of H,O, Hinder plant growth and development [101]

Nucleus DNA fragmentation and ROS-induced DNA damage Senescence [121]

causing cell death

PCD: Programmed cell death, ROS: Reactive oxygen species
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Table 2: Effects of plant hormones on various cellular functions during
flooding stress.

Hormones Fruit crop Functions References
SA Peach Increases the photosynthesis and [124]
root activity
Melatonin ~ Apple Inhibits ROS and MDA-induced [138]
chlorosis
Peaches Improves the antioxidant [28]
enzymatic activities
Ethylene Guava Adventitious root formation [51]
Mango Formation of adventitious roots [98]
Pond apple Formation of hypertrophied stem [72]
lenticels
Mango Development of hypertrophied [57]
lenticels to excrete the toxic
compounds
Kiwifruit ~ High antioxidant activity [76]

ROS: Reactive oxygen species, MDA: Malondialdehyde

4.3. Hormonal Regulation

Plant hormones or phytohormones are the signaling molecules that
regulate the normal functioning of plants and enhance tolerance
toward abiotic stress [Table 2].

4.3.1. ET

Flooding affects the gas exchange leading to rapid ET accumulation
within plant cells prompting adaptive mechanisms such as the
formation of aerenchyma, enhancement of gas diffusion through
ARs, implementation of survival strategies like shoot elongation, and
promotion of hyponastic growth to elevate leaves above water [68]. It
is also involved in post-hypoxia recovery by restoring substrates for
the TCA cycle [69]. Maintaining water equilibrium and gas exchange
during low oxygen conditions is the role of aquaporin. ET acts on
aquaporin through the phosphorylation of AtPIP2;1 [70]. ET triggers
rapid cell expansion of petiole under flooding [61] and interacts with
gibberellic acid (GA) and brassinosteroid, stimulating hypocotyl
elongation [71]. Initiation of AR, high scavenging activity of ROS,
improved level of photosynthetic pigmentation, and high root surface
area were noted by the action of exogenous ET application [8].

4.3.2. Abscisic acid (ABA)

ABA regulates the opening and closing of stomata by controlling
guard cell. Decreased level of ABA leads to ET accumulation
which stimulates the development of aerenchyma and ARs in
flooded plants [60]. ABA-stimulated GA accumulation promotes
shoot elongation [72]. Overexpressed RAP2.6L (AP2/ERF family
gene) promotes ABA biosynthesis which initiates the antioxidant
defense activation and stomata closure, ultimately reducing oxidative
degradation, delaying senescence, and enhancing flood tolerance [32].

4.3.3. Gibberellin

GA restores internode elongation, allowing the plants to extend above
the water surface and re-establish gas exchange during flooding [73].
SD1 gene-induced GA synthesis under waterlogging promotes rapid
leaf stalk internodal growth [74]. Exogenous GA treatment effectively
reduces MDA content under waterlogged conditions [75].

4.3.4. Other plant growth regulators (PGR)
Other PGRs act mostly through regulation of ET and hence are dealt
together.

The influence of auxin is by promoting ET production which facilitates
TAA transport to flooded plant regions initiating cell division and AR
development [76].

Increased cytokinin in plants shows increased expression of genes
that are involved in photosynthesis, photochemical quenching,
photochemical efficiency, chlorophyll levels, electron transport rates,
and CO, assimilation. Cytokinins crosstalk with other hormones such
as ABA and jasmonates to mitigate the plant stress [77].

Exogenous salicylic acid (SA) spray on waterlogged peach trees
significantly increases ethanol dehydrogenase activity, protective
enzyme activity, and proline content. SA protects cell organelles,
balancing photosynthesis and root activity during waterlogging [78].
Excess synthesis of SA inside the cell induces PCD that stimulates
lipid oxidation, development of aerenchyma, and formation of AR
primordia through which it transfers oxygen to the root tissues,
mitigating flood stress [79].

Methyl jasmonate application elevates ET level which enhances the
formation of aerenchyma cells mitigating the flood stress [80].

Exogenous 2,4-epi-brassinolide (EBR) enhances the transportation of
carbohydrates under insufficient availability of oxygen, triggers root
glycolytic enzyme activity, enhances antioxidant enzyme activity,
reduces ROS production, and improves the stress tolerance [81]. EBR
promotes ET production which leads to increased enzymatic activity
for degradation of cell wall, enhancing hypocotyl expansion, AR
formation, oxygen supply, and enhancing tolerance toward insufficient
availability of oxygen [82].

Melatonin (MT) application to waterlogged peach trees showed
enhanced antioxidant activities, inhibited lipid peroxidation and
hydrogen peroxide accumulation, facilitated aerenchyma development
for improved anaerobic respiration, and also involved in the
upregulation of genes related to calcium signaling [83]. MT application
restores biochemical and physiological parameters, up regulates the
biosynthesis genes of polyamines such as ADC, SPMS, and SPDS
but exhibits reduced expression of ET biosynthesis and its signaling
genes [84]. MT application reduces the flood-induced chlorosis and
wilting. It maintains aerobic respiration, preserves photosynthesis,
and reduces oxidative damage with recovered antioxidant enzymatic
activity in waterlogged apple tree [85].

Proline is reported to improve photosynthesis, activity of antioxidants,
and water content of the leaves by reducing oxidative damage and
membrane injury [86].

The above chapter opens out another vital area where the direct and
indirect effects of one growth regulator acting individually or through
aregulation of the other which in most cases is ET need to be probed at
length. Hormonal crosstalk should be another thrust area of research.

5. MORPHOLOGICAL ADAPTATIONS

To mitigate flood stress, plants develop morphological adaptations
to maintain gas exchange, improving water and nutrient absorption,
minimizing water loss, and averting physical harm.

5.1. ARs Formation

Initiation of ARs due to endogenous auxin acts as the substitute
for the decayed root system which has lost the ability to absorb the
water and nutrients. It facilitates gas exchange, water, and nutrient
uptake and improves nutrient utilization efficiency thereby enhancing
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plant survival during flood [87]. Flooded mango trees develop ARs
above the water line, to absorb and translocate O, to the submerged
roots [88]. AR occurs on younger trees under extended flooding
period which is not observed in oxygenated conditions [89].
Kongsri et al. [90] observed the ARs formation in 5 weeks of flooded
guava trees.

5.2. Aerenchyma Formation

Aerenchyma formation induces the formation of interconnected
intercellular spaces, which facilitates gas exchange to mitigate the low
oxygen conditions. This is stimulated by ET in the mature sections
of the root. It diffuses the photosynthetic and atmospheric oxygen
from aerated parts to submerged roots, thereby sustaining aerobic
respiration in the roots [91].

5.3. Hypertrophic Lenticels

The formation of large cracks on the surfaces of stems and roots is
called hypertrophic lenticels positioned just above the water surface
which act as entry points for oxygen to mitigate the flood stress [92].
Hypertrophic lenticels in flooded mango trees excrete toxic components
which are the byproducts of anerobic respiration that also enhances O,
diffusion to the roots [89].

5.4. Leaf Epinasty

Downward curvature of leaves due to the faster growth of the upper
part of petioles (adaxial) compared to the lower part (abaxial), which
was influenced by ET and high concentration of auxin [93]. During
flooding, ET stimulates epinasty of the petiole along with partial
closure of stomata thus maintaining the water equilibrium through
reduced interception of light and reduced foliar transpiration [94].

5.5. Internodal or Shoot Elongation

During submerged conditions, internodes elongate rapidly in
response to rising water levels, ensuring that leaves remain above
the water surface to prevent anoxia [95]. The specialized aerial roots
observed in submerged plants to elevate the oxygen supply are called
pneumatophores, whose basic function is to breathe [96].

6. SYMPTOMS AND IMPACTS OF FLOOD STRESS IN
FRUIT CROPS

Flooding inhibited the shoot growth by hindering leaf formation and
leaf expansion, besides promoting abscission and premature leaf
senescence [97]. Reduced root growth in flooded plants due to limited
0, and phytotoxins produced during anerobic respiration which cause
root decay and declined nitrogen content [98]. Flooding leads to
nitrogen deficiency due to denitrification in which the soil microbes
convert nitrate into nitrogen gas [99]. Leaching causes 10-40%
reduction of nitrogen [100]. Waterlogging alters the nutrient uptake
and carbohydrate translocation which leads to leaf chlorosis [101].
Manetas [102] reported that the flood-induced leaf reddening is due
to the excess production of anthocyanin for scavenging free radicals.
Trees under continuous flooding lead to inhibited root and shoot
growth and if it extends complete death will occur [94]. Waterlogging
stops root growth and causes damage to root apices as it is the first
plant organ affected by the flooding [7].

Root, shoot, and stem growth were affected by the action of reduced
carbohydrate generation which was influenced by the reduced
photosynthetic rate, declined chlorophyll content affects the papaya

yield and quality [103]; reduced stomatal conductance affects the
leaf elongation rate [87]. Prolonged waterlogging causes complete
cessation of water and nutrient uptake and transport by the roots,
which leads to leaf yellowing, necrosis, and abscission [104]. Flooding
also affects the fruit crops in the reproductive phase such as flower
bud initiation, flowering, fruit set, fruit growth, and premature fruit
drop due to an imbalance of plant hormones and photosynthetic
arrest [105]. Waterlogged peach trees (cv. Red Globe) produced small-
sized fruits with rapid softening and reduced shelf life with low flesh
firmness, also reduced chlorophyll content with low branch growth
was observed [106]. Reduced soil redox potential, root conductivity,
potential of leaf water, and conductance of stomata with removal of
fibrous roots and cessation of shoot growth have been observed in
flooded sour orange (Citrus aurantium L.) and rough lemon (Citrus
jambhiri Lush.) seedlings [107]. Leaf wilting and defoliation observed
in waterlogged seedling of Prunus betulaefolia (Birchleaf pear) and
Prunus communis (European pear) are due to root anaerobiosis which
leads to alteration in root osmotic potential, leaf water potential, and a
declineinroothydraulic conductivity [108]. A climacteric fruitharvested
from the flooded trees excretes more ET and ripens earlier [109]. Fruit
softening was observed due to the action of hydrolytic enzymes in
the cell wall [110]. In carambola (Averrhoa carambola) trees, short-
term flooding increases the availability of micronutrients in soil and
stimulates flowering and fruit production [111]. Short-term flooding
affects the soil redox potential and improves its micronutrient content
by reducing Fe** to Fe*" which is metabolized by the plants [94]. In
commercial Annona species, short-term flooding affects the net CO,
assimilation and vegetative growth which leads to defoliation, reduced
flowering, and fruit set [112]. Short-term flooding paradoxically
improves the micronutrient availability by reducing the pH which
is very important in the case of calcareous soils releasing the bound
micronutrients such as Fe, Mn, and Mg in soluble form and making
them available to crops which have been elaborately reviewed by
Schaffer et al. [94]. Fe*' is converted to Fe?* cation that is easily taken
up by the crops. Another pathway is by having a situation of hypoxic
condition permitting stomatal closure and a major shift in the resource
allocatory pattern that promotes flowering and fruit development.

In mango trees, 3 days of flooding leads to reduced assimilation of
net CO,, conductance of stomata, and transpiration. Similarly, reduced
stem radial growth and root dry weight were observed in 14 days
flooded mango trees. Increased net CO, assimilation with improved
Fe and Mn uptake in 10-20 days of flooding and complete mortality
of trees was observed in 110 days of flooding [113], limitation of
available photo assimilates due to increased root respiration and
reduced net photosynthesis by flooding in mango trees [94]. Flooding
causes deprivation of O, in the rhizosphere leading to reduction
in diameter of root collar, length of taproot, and dry weight of
roots in Lulo fruit (Solanum quitoense var. septentrionale) [114].
Ojeda et al. [115] concluded that the reduced chlorophyll index, plant
growth, net CO, assimilation, and increased root electrolyte leakage
were observed in 4-week flooded Soursop (Annona muricata) tree.
In Pitanga cherry (Eugenia uniflora) seedlings, flooding showed
detrimental effects in plant dry weight, leaf gas exchange, and plant
growth due to limited photosynthesis [116]. Waterlogged Cape
gooseberry (P. peruviana L.) shows the symptoms of leaf chlorosis,
necrosis, abscission, and epinasty due to chlorophyll content
reduction [117], whereas flooded apple trees show yield reduction
with suppressed tree vigor [118].

Flood induces senescence of young leaves by the transportation
of mobile elements such as N, P, and K from the older leaves to
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younger [119]. Reduced leaf count with low content of chlorophyll,
leaf N, and P content was observed in waterlogged purple passion
plant (P edulis) [55]. Less than 7 days of flooded yellow Passion
fruit trees show increased diameter of root, thickness of epidermis,
thickness of cortex, thickness of endodermis, and aerenchyma
generation [120]. Flood stress symptoms vary in different fruit crops.
Symptoms in guava were chlorosis, wilting, dropping of leaves, stem
bark broken, and AR formation [90], in avocado (Persea americana)
leaf abscission [121], and Papaya (Carica papaya) shows that leaf
senescence was observed [122].

7. FLOOD STRESS-INDUCED BIOTIC STRESSES

The stagnant water acts as the ideal medium for microbial growth,
particularly Phytophthora cinnamomi leads to Phytophthora root rot,
which affects the feeder roots and induces root tissue decay, disturbs
water and nutrient transportation, and causes branch-dieback and
eventual tree death [123]. Accumulation of reduced ions and by-
products of anerobic respiration controls aerobic microbes and favors
the generation of anerobic fungus such as Phytophthora, Pythium, and
Fusarium spp. [124]. Waterlogging-induced Phytophthora root rot
has been reported in Avocado [125] and Papaya [126]. High incidence
of P. cinnamomi-induced Phytophthora root rot and 25-30% of root
necrosis due to photosynthesis inhibition was observed in waterlogged
avocado trees [127]. Flood-induced Fusarium oxysporum infection
leads to banana wilt [9] and Cape gooseberry root rot [128]. Water-
soaked lesions at the base region of stem turned into black necrotic
area due to Pythium aphanidermatum observed in papaya trees under
waterlogging [126].

An integrated management strategy to cope with flood stress is the
need of the hour as a single approach may not yield desired results.
The most important of these could be having adequate drainage
provisions [129], accumulation versus availability of nutrients [94],
and rootstock selection [85,130,131]. Mycorrhizal application and
their capacity to withstand flooding and applications of CaO2 and
MgO2 has to be need based and follow up based on site-specific
recommendations. Application of MT for flood tolerance in Malus
baccata has also been reported to increase the endurance of apple
seedlings to waterlogged soils.

7.1. Critical Analysis of Classification of Fruit Crops Based on
Flood Stress

According to Crane et al. [7], class 1 type shows tolerance toward
flood stress, withstand under high water conditions up to a week
and also the growth and production were affected. Some examples
are guava, sapodilla, Abiu fruit, and citrus. The class 2 type shows
moderate tolerance as several days toward flooding; some of the
examples are lychee, longan, canistel, mango, carambola, and banana.
The class 3 type was sensitive trees which cannot survive in flooded
soil conditions and their examples are papaya, sugar apple, jackfruit,
atemoya, avocado, passion fruit, and mamey sapote.

8. ROOTSTOCK MANIPULATION IN MANAGING FLOOD
STRESS

Fruit trees grafted with flood-tolerant rootstocks show reduced hypoxia
stress. For citrus, Citrus macrophylla rootstock [132]; in avocado,
“Dusa™” rootstock [125] and in annona, Annona glabra (pond apple)
rootstock [112] show greater tolerance toward flood stress. Rootstock
P. japonica for peach seedlings provides tolerant to waterlogging by
reduced accumulation of ET in the stems and roots [133]. Adaptation

to calcareous soil and tolerance to the Phytophthora root rot by the
rootstock selection of distinct group of West Indian and Guatemalan
varieties in avocado [134]. Seedling-propagated guava plants
were more tolerant toward flood stress than the shoot layered [90].
Flooded “Newport” plum shows high tolerance, minimal defoliation,
and high survival rate, also maintaining the net photosynthetic rate
[135]. Flooding affects photosynthesis through which it reduces sugar
content and root vigor of the grafted mango seedlings, damage starts
from scion due to the restricted supply of carbohydrates to the roots,
which induce the rootstock death [136].

It is an established fact that for plums and apricots, myrobalan (Prunus
cerasifera) is a good rootstock. Mariana (Prunus mariana) and prunus
hybrids also show good tolerance to waterlogging. Prunus insititia and
Prunus domestica, mariana, and myrobalan can tolerate 10—-60 days
of root asphyxiation depending on cultivar and species in summer
and up to 120-145 days of water immersion in winter compared
to 70-75 days for apricot and 80-85 days for peach [137,138].
This has been attributed to a genetic entity endowed with character
reflected in terms of buffering effect on soil pH [139] and nutrient
uptake efficiency [140]. Another similar report available is on MP-
29 rootstock that performed better than Flordaguard (both prunus)
for peaches under hypoxia conditions due to enhanced antioxidant
activity, osmolyte content, and nutrient absorption [141]. The use of
Pyrus betulifolia for pear, trifoliate oranges in citrus, and 4. glabra for
annona have also been reported to tolerate flood stress [130].

Heavy precipitation leads to water saturation of soil pores resulting
in hypoxia. Rootstock variation in tolerance to stresses in general has
been attributed to differences in photosynthetic activity assimilate
partitioning and antioxidant enzyme activity [135,141-145]. Another
major aspect that merits consideration is the flooding and co-incidence
of Phytophthora root rot which is often noticed in avocados. The
answer to this field problem is by choice of Phytophthota cinnamomi-
resistant P. americana rootstock [134].

A major point for consideration here would be the critical level to
which rootstock adapts to varying intensity of flood. However, this is a
vital area for exploitation and a point of investigation yet to be initiated
in the international network for rootstock research. Having understood
the feasibility, there is also an imperative need to prioritize rootstock
breeding and also take up gene editing studies as long-term strategies
to ensure durable results.

9. RECOVERY PRACTICES

Pruning the tree branches when the waterlogging ends, maintains the
shoot/root ratio; Sanclemente ef al. [121] concluded that the pruned
avocado trees under waterlogging recovered more quickly than those
not pruned. Application of solid fertilizers improves the redox potential
of flooded soil; the application of magnesium peroxide (MgO,) and
calcium peroxide (Ca0O,) improves total area of leaf along with dry
weight of the waterlogged papaya tree cv. Red Lady, high recovery,
and survival rate were also observed [146]. Mycorrhizal colonization
improves the nutritional conditions, root health, and nutrient uptake
and also promotes growth and biomass of flooded plants. Waterlogged
purple passion fruit plants (P. edulis) inoculated with mycorrhizae
mixture retain high number of leaves with high leaf chlorophyll and
proline content which also maintains leaf N and P content [55]. Crops
under flood stress are affected in two ways: (a) hypoxia — deprived of
adequate oxygen and (b) Anoxia — absence or deficiency of oxygen —
severe hypoxia. It is already mentioned in the next two lines (By adding
solid oxygen fertilizers to mitigate the stress). One possible method
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Figure 3: Model showing effect of flood stress and tolerance by fruit crops

is adding air into the root zone which is difficult under plant stress,
particularly under water stress. A second method is by application of
solid oxygen fertilizer. The oxygen fertilizers commonly available are
Ca0, and MgO, [147]. Thani et al. [146] in their studies on Red Lady
variety of papaya showed that application of CaO, followed by flood
irrigation minimized the effect of flood as revealed by the minimal
reductions in stem, leaf, root, and plant dry matter.

10. CONCLUSION

Flood stress is increasingly common due to CC — an accepted fact. This
issue is expected to worsen as severe weather events are becoming more
frequent and intense. CC will disrupt precipitation patterns, potentially
triggering unexpected heavy rains continued with dry spells and
intensifying flood stress. Prolonged submersion leads to oxygen deficit
and nutrient deficiencies that result in substantial yield reduction of crops
with severe financial loss. Fertile topsoil loss by soil erosion was induced
by flooding disrupts the root system and complete survival of plant.
Plants face different challenges during flooding, depending on the depth
and duration of water. Flooding initiates oxidative stress and triggers
anerobic respiration with the release of toxic components which can
damage the cell organelles and leads to plant death. Over accumulation
of ROS is the prime reason for the destruction of cellular function,
which leads to oxidative damage. On the other side, flood stress-induced
stomatal closure affects photosynthesis which shows the symptoms
of yellowing, wilting, and abscission of leaves. This photosynthetic
inhibition affects energy production and supply, which leads to stunted
growth and complete plant death. Plants undergo adaptive strategies
for survival which includes the generation of aerenchyma and AR for
better O, supply and leaf position above the water table for the energy
production. Flood stress poses a severe threat to agricultural productivity
potentially resulting in decreased crop yields and food shortage. Efforts
should focus on developing crop varieties with flood tolerant, sustained
land usable practices, restoring ecosystems, and enacting policies
to reduce the effects of CC. By incorporating this kind of efforts, we
can reduce the detrimental impacts of flooding on ecosystems and

agriculture. Based on the present level of knowledge, the whole process
of flood stress and its effects are condensed and compressed in the form
of a model presented below [Figure 3].

Mitigation aspects need to be focused and follow a definite management
plan that systematically reduces the negative impacts. As already stated,
the first and foremost aspect is having adequate drainage provisions
as already stated above or adapting cultivated terrain for the purpose,
choice of flood-tolerant varieties and rootstocks, and adoption of solid
oxygen fertilizers and EDTA or Na, EDTA. However, more research is
warranted on solid oxygen fertilizer as initial results are promising and
will certainly be a future line of research.
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