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Abstract Waterlogging usually results from overuse and/or
poor management of irrigation water and is a serious
constraint with damaging effects. The rapidly depleting
oxygen from submerged root zone is sensed and plant
adjusts expressing anaerobic proteins. Plant cells shift their
metabolism towards low energy yielding anaerobic fermen-
tation pathways in the absence of oxygen. Structural
modifications are also induced as aerenchyma formation
and adventitious rootings, etc. Studies at molecular and
biochemical levels to facilitate early perception and
subsequent responses have also been worked out to produce
resistant transgenic plants. This review explores the
sequential changes of plant responses at different levels
regarding their defense strategies and efforts made to
enhance them, tailoring crucial regulators so that they can
withstand waterlogging stress.
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Abbreviations
O2− Superoxide
RNS Reactive nitrogen species
ANPs Anaerobically induced polypeptides
ACC 1-Aminoacyl cyclopropane-1-carboxylic acid
Ci Internal carbon dioxide

CER CO2 exchange rate
SuSy Sucrose synthase
CAT Catalase
POX Peroxidase
SOD Superoxide dismutase
PM-NR Plasma membrane–nitrate reductase
cNR Cytosolic nitrate reductase
ADH Alcohol dehydrogenase
Hb Hemoglobin
xet-1 Xyloglucan endotransglycosylase-1
PGA 3-Phosphoglycerate

Introduction

The soil water content of surface layer whenever exceeds at
least 20% higher than field's carrying capacity it leads to free
standing water on soil surface (Aggarwal et al. 2006; Nilsen
and Orcutt 1996). This condition imposes severe constraints
on crop growth and productivity (Jackson and Colmer 2005).
Waterlogging stress may develop due to several direct
(improper irrigation practices) and indirect (global warming)
anthropogenic and natural consequences (meteorological)
leading to altered plant metabolism, architecture and eco-
geographical distribution depending upon plant responses.
Alarmingly changing earths' average temperature (IPPC
2001) is predicted to exaggerate the problem in near future.
The erratic rainfall, rise in sea level due to increasingly
melting glaciers and shift in native climate-spectrum will
pose selection pressure on agricultural crops. Therefore,
highly resistant plants mingled with desired agronomical
traits will be the demand of future crops. Rice, the global
staple crop feeding above the half of the globe, has secured
its growth in different climatic regimes accompanied by
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genotype selection. The other economic cereals (as Triticum,
Pennisitum and Zea mays, etc.) however, do not appear to
this fortunate overriding the detriment of waterlogging for
their survival. Also rice, however, cultivated on flooded
anaerobic soils (Swaminathan 1993), when submerged
completely; seedlings suffer oxygen deficiency as is the case
in Southeast Asia (Jackson and Ram 2003).

Flooding generates hypoxic stress in plants

Land plants are strictly aerobes receiving freely diffusing
molecular oxygen from aerial even underground tissues.
Oxygen deficiency (hypoxia) or its complete absence
(anoxia) damages most often the roots and seeds under
transient or sustained flooded soil in various countries
(Maltby 1991). Excess water produces anoxic soil within a
few hours (Gambrell and Patrick 1978). The slow diffusion
rate (10−4 fold), low solubility (Ponnamperuma 1984;
Gambrell et al. 1991) and increased microbial activity not
only reduces the soil oxygen content, but also latter adds
the toxic organic and inorganic compounds in the soil
(Ponnamperuma 1984; Gambrell et al. 1991). The condition
deteriorates during high temperature and in night, when
root respiration increases with simultaneous increase of
microbial activities. This rapidly depletes oxygen from soil
rendering it with reduced inorganic forms of Fe3+, S2− and
carboxylic acids, etc. Redox sensing of O2 induces various
biochemical, and therefore physiological changes in roots
and shoots of several dicots, such as, in Lycopersicon
esculentum (Jackson and Campbell 1976; Bradford and
Yang 1981; Bradford and Hsiao 1982), Solanum tuber-
osum, legumes, Nicotiana tobaccum, Ipomoea batatas,
Cucumis sativus, and monocots as in Oryza sativa
(Vartapetian et al. 2003; Perata et al. 1992), Triticum
aestivum, Z. mays (Saglio et al. 1988), and Arabidopsis
thaliana (Trevaskis et al. 1997; Wang et al. 2000). A short
spell of flood, however, may spare some moderately
tolerant crops with the induction/up-regulation of counter-
acting genes to reverse the damages accompanied, at the
cost of de-repression of certain other genes required for
growth acceleration. A slow diffusion rate of O2 under
water pushes the plant (especially roots) towards more
anaerobic biochemical acclimation (Armstrong 1978). Thus
plants shift their metabolism at basal metabolic rate (BMR)
to sustain their survival under low energy economy.
Moreover, stagnate flooded water in lowland with added
high precipitation climates may lead to sustained partial or
complete waterlogging (submergence) may lethally push
plant metabolism beyond BMR, where it my die ultimately.
Therefore, the duration of waterlogging and genotype has
critical relevance in stress defense. The mass destruction of
crops causes a large reduction of global productivity every

year. Reduced supply of adenylate pool set back the plant
metabolism to anaerobiosis, by finely modulating the tissue
based biochemical set up. However, rice employs this
strategy at its initial level of seed germination avoiding
hypoxia by extensing coleoptile to reconcile with air
(Jackson and Pearse 1991) and transporting oxygen from
aerial part to hypoxic/anoxic roots indicating spatial and
temporal pattern of the two strategies (true tolerance and
avoidance, respectively) balancing under different growth
and climatic conditions. Upsurge in massive literature in
recent past regarding the defense strategies elicited by rice
under flooding and related phenomena is indicative that rice
has been at the center of researches. Since waterlogging is
soon followed by hypoxia, rice switches towards anaerobic
metabolism particularly in roots. This condition hastens the
aerobic mode of energy production with decline in
adenylate pool.

Waterlogging upregulates ACC in root tips as primary
signal

Under abiotic stress conditions the reduced plant growth is
noticed first. Since roots are the anchoring and absorptive
system of plants associated with mineral and water
absorption, microbial interactions and various other signal-
ing events, these are crucial for sensing several environ-
mental (edaphic) cues. The transition to hypoxia generates
the reactive oxygen species (ROS) in roots with the
concomitant production of H2O2, a well known signaling
molecule. Plant life had evolved 460 million years ago in
excess water conditions (Beerling 2007). Roots possess the
most important tissues ascertaining the aerial life of plants
on land. Roots of aerial plants are composed of tightly
packed tissues with very little intercellular spaces allowing
slow diffusion of gases (Geigenberger 2003). On the other
hand, aquatic or semi-aquatic/amphibious plants have
several air chambers in their root anatomical structures.
Waterlogging in mesophytes, severely slow down (10−4

fold) the rate of oxygen diffusion in root tissues. Unavail-
ability of oxygen induces ANPs including the induction of
ACC, a precursor of ethylene biosynthesis. ACC is well
known to be produced under anaerobic and/or anoxic
conditions. This signal is transported to aerial parts of
shoot. ACC in the presence of O2 and ACC-oxidase forms
ethylene. The conversion of ACC to ethylene could be
assumed as a major determining factor in achieving
resistance, facilitating various regulatory functions in
plants. Induction of apoptosis in selected tissues/cells
(Subbaiah and Sachs 2003), nodal adventitious rooting,
formation of air chambers, and metabolic changes under
anaerobiosis and several other functions were attributed to
be regulated by the ethylene, which is synthesized from its
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precursor ACC transported from roots. Initial PCD events
sometimes are considered to be survival strategies.

Waterlogging stimulates root tip death

Meristems are the first target of stresses as dispensable tissues.
Besides the ceased growth of shoot apical meristems, root tips
are more sensitive to water borne hypoxia in soil particularly in
mesophytes. Maize root tips were shown to progressively
accelerate towards PCD as waterlogging/anoxia persists. A
considerable attention has been paid to strategies/mechanisms
that prolong the anoxia tolerance to the primary root tip in
young maize seedlings (Drew et al. 1994). The maize root tips
that are not hypoxically acclimated are very sensitive to
anoxia and die within few hours (Roberts et al. 1984; Johnson
et al. 1989). While in some maize genotypes accelerated PCD
appears to be genetically controlled tolerance mechanism
(Zeng et al. 1999). Induced mRNA expression of xyloglucan
endotransglycosylase-1 (xet-1), a putative cell-wall-loosening
enzyme (Peschke and Sachs 1994; Saab and Sachs 1995,
1996) in maize root tip indicate its involvement in root tip
death. The induction of xet-1 appears to be specific to O2

deprivation (Peschke and Sachs 1994).

Flooding and induction of aerenchyma formation

As this signal (ACC) progresses towards more aerobic shoots,
its conversion to ethylene by ACC oxidase (Voesenek et al.
1993) induces auxin-mediated aerenchyma formation in the
region just below the root tip (Drew et al. 1981) in number
of crop species viz. rice (Justin and Armstrong 1991), wheat
(Watkin et al. 1998), maize (Gunaverdena et al. 2001), barley
(Arikado and Adachi 1955), and soybean (Bucanamwo and
Purcell 1999), etc. These cortical air spaces facilitate aeration
and assure prolonged survival (Drew et al. 2000). The
enzymes like cellulases (Drew 1992; Grineva and Bragina
1993; He et al. 1994) alongwith other degrading enzymes
(Campbell and Drew 1983; He et al. 1994) viz. xyloglucan
endotransglycosylase-1 (xet-1) (Peschke and Sachs 1994;
Saab and Sachs 1995, 1996), expansins (Voesenek et al.
2003; Vriezen et al. 2003), and pectinases are likely to be
involved in lysigenic aerenchyma formation. Investigations
are also going on the illusive role of NO concerning with
PCD and aerenchyma formation.

The epidermal and exodermal barriers formed in roots
facilitate oxygen (Aschi-Smiti et al. 2004; Colmer 2003) and
ethylene entrapment. The lysigenous aerenchyma formation
by ethylene is mediated by expressing several apoptosis
related ANPs, xet-1, proteases, death inducing factors
(Subbaiah and Sachs 2003). Growth is redirected as vertical
extension of shoot at the cost of sacrificed compact tissues in

certain cases, which are more habituated to submergence (as
Potamogeton pectinatin, wheat, rice, etc.) to shorten the total
submergence and reuniting the shoots with air (Voesenek et
al. 2003) even in complete absence of oxygen and
independently of ethylene (Visser et al. 2003). This strategy
appears to be providing resistance to withstand flash-flood to
those previously experienced mild dose of waterlogging or
those partially adapted to flood. Such changes may also be
supported by the auxin favored expression of expansins
(Voesenek et al. 2003; Vriezen et al. 2003), xet-1 and
pectinases when pH is lowered due to accumulation of
lactate, organic acids etc. under anaerobiosis.

Waterlogging-mediated epidermal cell-death facilitates
emergence of adventitious roots at nodes

Programmed cell death (PCD) is a part of development, has
been studied by a number of researchers at different stages
of growth viz. gametophyte (Buckner et al. 1998), embryo
development (Marubashi et al. 1999) and germination
(Wang et al. 1996a, b; Fath et al. 1999), xylogenesis
(Groover and Jones 1999), root-cap formation, senescence,
plant defense strategies (Dangl et al. 1996), and in
adaptation to low oxygen stress when cortical cells are
sacrificed to form aerenchyma (He et al. 1996; Kawai et al.
1998; Samarajeewa et al. 1999). In nodal tissue also,
adventitious root initials remain covered by the epidermis
until the proper signal induces them to accelerate their
growth rate and to emerge. They are formed early in the
development (Lorbiecke and Sauter 1999). During flood
when ethylene accumulates at nodes, it causes death of
epidermal cell covering the tip of primordia facilitating
emergence of root (Mergemann and Sauter 2000) at water
surface and providing aerenchyma ample of oxygen in deep
water (rice). The interaction of auxins and ethylene is
important for the induction of adventitious root formation
(McNamara and Mitchell 1989, 1991).

Submergence affects leaf-gas exchange

Submergence when inundates shoots as well as roots
sufficiently, it prevents the aerial influx of CO2 and light
decreasing the photosynthesis largely. However, a sustained
partial submergence could also affect leaf gas exchange in
photosynthetic aerial parts.It has been reported that flood-
ing cause stomatal closure directly, without influencing the
photosynthetic capacity, in Vaccinium ashei (Davies and
Flore 1986a, b), therefore decreasing Ci (Liao and Lin
2001). The systemic signal for this is assumed to be
translocated from roots to leaves. Ethylene regulates the
expression (and activity) of ABA in mesophylls. The
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increase in foliar ABA content in peas when subjected to
soil flooding was accompanied by closure of stomata
(Jackson and Hall 1987). Similar results have been
observed in tomato (Jackson 1991). In most of the flood-
intolerant plants, flood cause a significant decrease in foliar
gas exchange capacity, for instance, wheat (Trought and
Drew 1982), tomato (Bradford 1983), Pisum sativum
(Jackson and Kowalewska 1983), Citrus sp. (Phung and
Knipling 1976), etc. However, some flood-tolerant plants
have developed adaptive mechanisms so as to maintain
better photosynthetic capacity (Sena Gomes and Kozlowski
1980; Topa and Cheesemann 1992). Leaf gas exchange is
directly related to the photosynthetic capacity of plants. As
flood inundates plant internal CO2 concentration (Ci)
increases linearly despite of reduction of stomatal conduc-
tance. A decrease of stomatal conductance was found to be
correlated with an increase of leaf water potential in flooded
bitter melon (Liao and Lin 1994). It can be hypothesized
that stomatal closure slows the rate of transpiration, thus
preventing leaf dehydration (Bradford and Hsiao 1982). In
control and flooded plant, stomatal conductance was shown
to be correlated with CO2 exchange rate (CER) (Smith and
Ager 1988; Vu and Yelenosky 1991; Liao and Lin 1994).
These results imply that stomatal aperture is a limiting
factor for CER. Despite the reduced CER, foliar Ci was
reported sufficiently high as compared with plants that had
not been subjected to flooding. The 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. Also rate of
respiration sufficiently increases during flooding stress.
Following factors could be suggested for elevated Ci, (1)
reduced photosynthetic capacity (2) increased respiration
rate, and (3) decreased stomatal conductance.

Physiological changes under flooding

Submergence reduces activity of Rubisco
and 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 (Liao and Lin
1994). Change in the level of activation of Rubisco reflects
the level of carbamylation of Rubisco (Miziorko and
Lorimer 1983), which in turn is regulated by Ci and light
intensity (Sage et al. 1990). In general, the activation level
of Rubisco generally declines as Ci increases (von
Caemmerer and Edmondson 1986; Sage et al. 1988,
1990). The activity of Rubisco increases initially with
increase in Ci then declines as Ci further increases (Liao
and Lin 1994). Under elevated Ci, the pool size of RuBP

was found to decline and the level of PGA to increase in three
different plant systems (Badger et al. 1984; von Caemmerer
and Edmondson 1986; Sage et al. 1988). (Sage 1990)
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. It has been established
that the carbamylation/decarbamylation equilibrium of
Rubisco involves reversible active enzyme-CO2-Mg2+ com-
plex formation. Formation of this complex is pH dependent
and has been observed in leaf homogenates (Lorimer et al.
1976) and isolated chloroplasts (Bahr and Jensen 1978). At a
concentration of 0.2 M 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
(Lorimer et al. 1976). Andrews and Lorimer (1987)
postulated that a high level of CO2 favors overproduction
of PGA and leads to acidification of the stromal phase, thus
reducing the carbamylation level of Rubisco. Since Rubisco
catalyzes the initial reaction during the assimilation of
atmospheric CO2 (Andrews and Lorimer 1987), the activa-
tion level of Rubisco should be positively correlated with the
rate of photosynthesis. 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
blocked (Saglio 1985), and that the demand for sucrose
loading was lowered. This may lead to an accumulation of
starch in the chloroplasts (Wample and Davis 1983; Liao and
Lin 1994). 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.

Waterlogging cause reduction in leaf-water-potential

Inhibition of aerobic respiration with concomitant loss of
ATP synthesis in roots ceases the ion uptake and transport
(Huang et al. 2003; Vartapetian et al. 2003) through fueled
channels. This disturbs the water potential across the cells
in root tissues, thus lead to breakdown of homeostasis.
Localization of ABA causes various effects viz. increased
ion flux (K+ outflow), stomatal closure (Davies and Zhang
1991), and cell growth inhibition. ABA-mediated increased
hydraulic conductivity across the membrane appears to be
due to its altered properties (Van Steveninck and Van
Steveninck 1983). Loss of ATP perhaps fails to maintain
membrane potential and loss of ions alongwith ABA-
mediated K+ outflow causes collapse of guard cells. The
turgor loss ultimately results in plant wilting within hours to
days of flood (Jackson and Drew 1984).The ethylene and
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ABA-mediated curvature of leaves occurs due to reduced
abaxial growth of petiole. A differential cell growth causes
epinasty in leaves and loss of turgor, the leaf wilting. Since
ABA is well known as a Ca2+ antagonist, the inhibition of
(IAA and cytokinin mediated) growth may be due to
interference with Ca2+ metabolism.

Waterlogging mediated reduced translocation checks
the localization of photosynthates

Accumulation of starch has been reported in leaves of
various flooded plants, e.g., Helianthus annuus (Wample
and Davis 1983), Citrus sinensis grafted onto rough lemon
and sour orange rootstocks (Vu and Yelenosky 1991),
Pinus serotina (Topa and Cheesemann 1992), M. char-
antia (Liao and Lin 1994), L. cylindrical (Su and Lin
1998) and S. samarangense (Hsu et al. 1999; Wample and
Davis 1983). It could be assumed theoretically that if the
translocation path was blocked, assimilates in leaves
would not be able to reach the roots, resulting in a sugar
deficiency in the roots. However, the sugar level in
flooded roots of certain plants was found to be higher
than that in the unflooded control, as in bitter melon (Su
and Lin 1998). The successful germination of seeds under
anoxia is found to be dependent on successful induction of
α-amylase, the enzyme responsible for the degradation of
reserved starch in seed endosperms (Perata et al. 1992).
Studies showing decline in starch level and initial rise in
soluble sugars (Barta 1988 and Castonguay et al. 1993; Su
and Lin 1998) as sucrose and hexoses (glucose and
fructose) during early flooding period followed by a fall
culminating to like those of controls. It indicates that
starch reserves in roots are mobilized and can readily
provide sugars for anaerobic metabolism in flooded roots
(Perata et al. 1992). A long term flooding, however, leads
to eventual necrosis of flood intolerant cultivars and death
ultimately (Liao and Lin 1995; Su and Lin 1998).
Continuous supply of fermentable sugars to roots is
considered to be critical for long term survival of peas,
pumpkin, and several herbaceous plants under anoxia/
flooding (Jackson and Drew 1984; Saglio et al. 1980;
Webb and Armstrong 1983).

The total nitrogen content in plant tissue has been
reported to decrease under flooding stress in various fruit
species, such as citrus (Labanauskas et al. 1972), apple
(Olien 1989), avocado (Slowick et al. 1979), and blueberry
(Herath and Eaton 1968). In the wax-apple tree, the total
nitrogen in the leaves was found to be significantly lower
after 35 days of flooding treatment compared with the
unflooded control while the total amount of carbohydrates
increased, resulting in a significant increase in C/N ratio
(total carbohydrate/total nitrogen) (Hsu et al. 1999). The

carbohydrate–nitrogen ratio in fruit trees has often been
related to bud formation, flowering, and fruiting, but this
relationship also varies with the species (Goldschinidt
1982; Scholefield et al. 1985; Smith et al. 1986).

It has been reported that SuSy has a critical role in
sucrose hydrolysis in anoxic tolerance of maize roots
(Recard et al. 1998) using double mutant sh1 sus1. (Zeng
et al. 1999) reported in hypoxic maize seedlings that of the
two enzymes involved in sucrose hydrolysis, the activity of
invertase is down regulated while that of sucrose synthase
is upregulated. (Aschi-smiti et al. 2004) reported that
30-day-old plants of T. subterranium 15 days of hypoxia
showed induction of sucrose synthase, fructose kinase
lactate dehydrogenase enhanced-ethanol production and
improved energy charge in association with hemoglobin
induction. Content of reducing sugar increases under
waterlogging and was parallel to SuSy activity (Sairam et
al. 2008). Since roots and rhizome are essentially aerobic
organs, the consequences can be fatal, as aerobic respiration
ceases, level of energy rich adenylates drop rapidly, causing
a drastic decline in ion uptake and transport (Huang et al.
2003; Vartapetian et al. 2003).

Phytohormones regulate plant modifications under
flooding stress

Phytohormones are integrating metabolites instead of
controlling agents therefore, often regarded as growth
regulators (Jain et al. 2006). Thus response elicited by
them is not amount based rather based on sensitivity of
tissue (Moore et al. 1995). ACC is primary root signal
transported from roots to aerial parts under very early
stages of hypoxia (Bradford and Yang 1980), therefore,
appears to have critical role providing resistance in rice
cultivars. ACC oxidase requires the exposure of molecular
oxygen for the biosynthesis of ethylene (Bleecker and
Kende 2000). Ethylene production is slowed by partial
oxygen shortage (Raskin and Kende 1984) favoring the
accumulation of ACC. ACC is supposed to antagonize the
polar transmission of auxins hampering the elongation of
shoot. Flooding induced compromised lengthening (Jackson
2008; Braendle and Crawford 1999) could be attributed to
inability to conversion of ACC to ethylene due to absence
of O2. However, when it is converted to ethylene (may be
due to conservative use of oxygen stored in air chambers
or bind with Hb), it is known to interplay with auxins
facilitating escape elongation of rice to access oxygen. The
tissue compactness may be loosened to facilitate extended
growth accompanying selected tissue sacrifice, e.g.,
lysigenous aerenchyma formation. Ishizawa and Esashi
(1984) suggested interaction of ethylene and IAA as
increased level of IAA has been found in elongating rice
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coleoptile (Pegoraro et al. 1988). A lower ABA synthesis
under anoxia (Hoffmann-Benning and Kende 1992) may
aid extension to avoid its negative effects (Mapelli et al.
1995). Ethylene plays a vital role under hypoxia in escape
elongation of rice to access oxygen, CO2, and light
(Jackson and Pearse 1991; Jackson 2008). However in
sensitive varieties or other species, polar transmission of
auxins when checked (may be due to the antagonistic
effect of ACC), result in hampered shoot growth. This
could be correlated with ceased hydraulic conductivity or
water transport through shoot. Ethylene accumulates in
submerged plant parts higher than normal concentrations
(Musagrave et al. 1972) due to ten times slower release
into water (rather soil air) from root (Stunzi and Kende
1989) and increased synthesis (Jackson 1985). The
interaction of auxin and ethylene is important for the
induction of adventitious root formation (McNamara and
Mitchell 1989) too. Soluble sugars are rapidly channeled
to fermentative metabolism when the oxygen level falls.
This limited amount of soluble sugars is utilized conser-
vatively under finely tuned interactive regulation of
phytohormones with sugar signals (Loreti et al. 2003).
Swelling of base and growth retardation is well known
functions mediated by ethylene under hypoxia.

NO at low concentration has been found to be
involved in regulation of diverse biochemical and
physiological processes in plants viz. seed germination,
hypocotyl growth, defense responses, stomatal closure,
and apoptosis (Giba et al. 1998; Beligni and Lamattina
2000; Koprya and Gwozdz 2003; Delledonne et al. 1998;
Durner et al. 1998; Kim et al. 1998; Neill et al. 2003). NO
might be playing a crucial role in signal transduction and
PCD during aerenchyma formation. Ethylene enhances
water transport in hypoxic Aspen (Kamaluddin and
Zwiazek. 2002). Ethylene induces activity of hydrolytic
enzymes in adventitious maize roots, under the conditions
of advancing flooding (Peschke and Sachs 1994; Saab and
Sachs 1996). Stomatal resistance is further associated with
induction of ABA synthesis and its localization. ABA and
ethylene both are regarded accelerating senescence inde-
pendently (Zacarias and Reid 1990). ABA appears to
initiate while ethylene appears to exert its effects at a later
stage (Gepstein and Thimann 1981).

Biochemical changes under flooding stress

Production of ethanol and lactic acid though well-known
fermentation pathways, is one mechanism that organisms
use to provide glycolytic substrate oxidation and ATP
synthesis, maintaining short term cell viability under
hypoxic conditions. The substrates to feed these pathways
are also increased by increasing the flux of glycolysis. ATP

synthesis required to maintain plant growth and viability
in an aerobic environment is achieved by the oxidation
of carbon sources using oxygen as an electron acceptor.
Under conditions that limit oxygen availability complete
substrate oxidation is restricted by the lack of an electron
acceptor. Two pathways are put forth yet so far operating
under hypoxia, (1) anaerobic fermentation pathways and
(2) alternative pathways, e.g., Hb–NO cycle (Sairam et
al. 2009).

Anaerobic fermentation pathways under waterlogging
generate hypoxia

Protein profile is changed under anoxia and specific
proteins are synthesized called ANPs (anaerobic poly-
peptides) (Sachs and Ho 1986). Most of the ANPs are
glycolytic enzymes (Miernyk 1990; Mujer et al. 1993).
Anoxic condition replaces mitochondrial oxidative phos-
phorylation with that of anaerobic fermentation to meet
the cellular energy demand (Davies 1980). The predom-
inance of ADH (Sachs et al. 1980) and its isozymes
(Harberd and Edwards 1983; Liao and Lin 1995) are also
reported. ADH is the key regulator to let glycolysis run by
supplementing depleting demand of NAD+ (Saglio et al.
1980). The ADH induction with concomitant production
of ethanol is well studied by McManmon and Crawford
1971; Avdhani et al. 1978; Chirkova 1978; Smith and
Rees 1979; Tripepi and Mitchell 1984. Crawford (1967)
proposed the “metabolic theory” indicating that plant
achieves anoxia tolerance by minimizing the ethanol
production re-routing the ethanol fermentation to malate
synthesis (Crawford 1967; McManmon and Crawford
1971). Alternatively, (Vanlerberghe et al. 1990), preferred
succinate over malate, as an end product of fermentation
wherein partial TCA form fumarate via oxalo-acetate and
malate regenerates NAD+. Davies (1980) proposed “pH-
stat hypothesis” wherein he explained that short term
tolerance of flood favours ethanol instead of lactate, as
later elevates cytoplasmic acidosis (Roberts et al. 1984).
Latter on this notion was further supported by (Vartapetian
et al. 2003) and it was concluded that actually, plant cell
increases the ethanol production to achieve hypoxic
tolerance under prevailing conditions of waterlogging
(Vartapetian 2005, 2006). The switch that occurs from
the aerobic TCA cycle to fermentation pathways forming
lactate and ethanol under hypoxic and anoxic conditions is
accompanied by a decline in pH due to ATP hydrolysis
and lactate accumulation (may not occur in some hypoxic
tissues) (Saint-Ges et al. 1991; Kennedy and Rumpho
1992; Ratcliffe 1995; Gout et al. 2001; Ooume et al.
2009). Furthermore, lower activity of pyruvate decarbox-
ylase (PDC) suggest it to be rate limiting for ethanol
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production rather ADH itself in flooded roots. Accumula-
tion of ethanol, however, has not been reported to be
directly involved in the growth suppression, though
decrease ATP and increased pH of apoplastic solution
may directly be involved in growth suppression (Ooume et
al. 2009). The decline in pH slows the rate of lactate
formation and activates PDC diverting glycolytic carbon
flow to ethanol formation. Activity of lactate dehydroge-
nase (LDH) increases 20-fold during prolonged hypoxia,
which may be an important factor contributing to long-term
adaptation to hypoxia (Hoffman et al. 1986). Investigations
also revealed the induction of transcriptional activation of
glycolytic and ethanol fermentation enzymes viz. PDC
(Kelley 1989; Peschke and Sachs 1993), ADH (Gerlach et
al. 1982; Rowland and Strommer. 1986; Andrews et al.
1994), glucose peroxidase isomerase (Kelley and Freeling
1984a), aldolase (Kelley and Freeling 1984b), and glucose
peroxidase dehydrogenase (Martinez et al. 1989; Russel and
Sachs 1989).

Under waterlogging osmotic concentration of the cell
sap substantially decreases via decreased concentration of
organic compounds as sugars, amino acids etc. (Ooume
et al. 2009). Increased secondary metabolism is also
reported under waterlogging stress with the upregulation
of concerned enzymes viz. phenylalanine ammonia lyase
(PAL), tyrosine ammonia lyase (Alla et al. 2002; Ahsan et
al. 2007), flavanone 3-hydroxylase (Ahsan et al. 2007).
The increased production of phenols (benzoic, 2-
hydroxybenzoic and 4-hydroxybenzoic acids) and mono-
carboxylic acids (formic, acetic, and propionic acids)
caused a substantial shift towards steady K+ efflux,
accompanied by an immediate net influx of H+ is reported
in sensitive varieties (Pang et al. 2007).

Waterlogging and role of Hb/NO cycle

Nitrate reductase plays a very crucial role reducing nitrate to
nitrite. Enzymes linked to nitrate reduction pathway synthe-
sized de novo (Mattana et al. 1994) and suggested the link
with concomitant prevention of acidification during hypoxia
(Steffen et al. 2001). Among two types of NR reported (cNR
and PM-NR), two third of root nitrate reduction can be
attributed to PM-NR (Gojon et al. 1986). NR activity is
tightly regulated by the phosphorylation/de-phosphorylation,
substrate and co-factor feed back and enzyme degradation.
The phosphorylated form is inactivated with 14-3-3 protein
and activated again by cNR phosphorylase. Hypoxial
activation of NR is about 2.5 fold greater at acidic external
pH (4.8) (Botrel and Kaiser 1997).

Huffaker's group initially demonstrated PM-NR activity
and is present only in root tissue with optimum activity
during night (Stohr and Mack 2001). Since succinate is a

preferred electron donor over NAD(P)H and it hyper-
accumulates during hypoxia (Fan et al. 2003), it possibly
can play role in nitrate reduction at plasma membrane.
Fumarate may reduce back to succinate by succinate
dehydrogenase using complex I and reduced ubiquinone
(Cecchini 2003) under hypoxia.

When nitrate supplied exogenously as N15O3
−, radioactive

N15 appears in amino acids in rice (Reggiani et al. 1993; Fan
et al. 1997). Alanine formation is strictly induced during
hypoxia (Magneschi and Perata 2009). Furthermore, 70%
excess NADH under alanine synthesis might have been
recycled via NO3

− reduction to ammonium (Gibbs and
Greenway 2003). NH4

+ ion produced can be incorporated
into glutamate via glutamine synthetase-glutamate synthase
(GS-GOGAT) enzyme system using NADPH and ATP or via
reverse glutamate dehydrogenase using NAD(P)H (Gibbs
and Greenway 2003). A part of glutamate may facilitate pH
regulation by conversion into gamma amino butyric acid. A
partial TCA cycle may maintain 2-oxoglutarate (Igamberdiev
and Gardestrom 2003). However, it should be noted that
nitrite reductase; a key branch to alanine production is
inhibited under hypoxia (Botrel et al. 1996), also alanine
does not accumulate in sufficient amount. (Fan et al. 1997)
reported a lower rate of ethanol production in rice coleoptiles
supplied with NO3- in comparison with those supplied with
NH4

+. This data indicates, a plausible diversion from nitrite
reduction, strengthening NO to be considered as a possible
product.

Nitrite-NO reductase bound to plasma membrane
could be considered as a putative candidate for the
reduction of NO2 to NO, formed by PM-NR (Stohr et al.
2001). However, physiological electron donor could here
be either Hb or cytochrome other than cytochrome c (NO
is a potent inhibitor of cyt-c oxidase) (Zottini et al. 2002).
A heme protein oxidized during the reaction can be
reduced by a protein with cyt-reductase activity. (Hill
1998) reported the existence of nonsymbiotic (class II) Hb
induced under low ATP level of cell (Nie and Hill 1997)
or increasing sucrose in Arabidopsis (Trevaskis et al.
1997). It maintains the cell energy state under hypoxia in
maize cell lines (Sowa et al. 1998). The hypoxia induced
increase of Hb level in Arabidopsis under elevated nitrate
supply modulates NO level (Wang et al. 2000) and also
regulates the generation of NAD+ (Hill 1998). (Sowa et al.
1998) observed reduced CO2 production and ADH
activity in transformed maize cell lines. Hypoxic con-
ditions also provide optimum pH (6.1) for Ni-NOR for its
activity. It has been shown that it can utilize even 100 μM
concentration of nitrite, showing its higher Vmax (Stohr et
al. 2001). Class I Hb may also have possible role in
maintaining lower NAD(P)H/NADP ratio under anaerobiosis
(Igamberdiev et al. 2004b). An oxy-hemoglobin would
donate negatively charged di-oxygen to NO forming NO3

-
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and met-hemoglobin (Di Iorio 1981). In nodule of
leguminous plants met-hemoglobin reductase has been
demonstrated (Topunov et al. 1980) to reduce met-
hemoglobin to hemoglobin. Besides these, Cyt-b5 reductase
of endoplasmic reticulum (Hagler et al. 1979) and dihydro-
lipoxide dehydrogenase (Moran et al. 2002; Igamberdiev et
al. 2004a) were also reported to possess met-hemoglobin
reductase activity.

Hypoxia induces nitrate respiration

Evidence has been accumulating of a putative “nitrate
respiratory pathway” capable of generating a proton motive
force in bacteria (Jormakka et al. 2003). The presence of
such a pathway in plants potentially generating ATP under
anoxia more efficiently might explain less carbon flow
under nitrate supplement than under ammonium (Fan et al.
1997). However, no ATP synthase has been identified in
eukaryotic plasma membranes and those which are present
(P-type ATPases), are unable to synthesize ATP. Recently,
Igamberdiev and Hill (2009) put forth evidence that nitrite
can substitute from oxygen at the terminal cytochrome
oxidase step thereby allowing it electron transport to
proceed, to a degree, anaerobically.

Perhaps nitrate is the second abundant molecule eco-
nomically available that cell can use to substitute O2 to
receive electron in electron-transport-pathway; when O2 is
depleted. Under anaerobiosis, number of mitochondria
decreases in cell. Cytoplasmic acidosis could not be
tolerated for long time as most of the anaerobic enzymes
are cytosolic. The H+ is sequestered either to vacuole or out
of plasma membrane. There must be activation of specific
type ATPases functioning as ATP synthases to break this
gradient to couple with ATP synthesis. Since P-type
ATPases of plasma membrane are precluded for their role
as ATP synthesis, tonoplast might be speculated to perform
this responsibility in plants.

Role of antioxidant system under waterlogging stress

Reactive oxygen species are produced at the transition
when plant or its any part either enters to hypoxia/anoxia
from normoxic conditions or it return to aerobic environ-
ment. In natural course ROS including O2

−, H2O2, OH
−

(Asada 1999; Dat et al. 2000), and NO (Wink and Mitchell
1998; Lamattina et al. 2003) are produced or leaked
excessively under stress. In germinating seedlings also,
ROS production was reported (Bailly 2004; Bouteau and
Bailly 2008). After waterlogging, sub-terrestrial organs like
roots and rhizomes are more prone to oxidative shock under
such conditions.

These ROS if generated in larger quantity may oxidize
proteins, lipids and nucleic acid and leading to even
mutation (Halliwell and Gutteridge 1999). However to
neutralize the toxicity of ROS plants have evolved an
endogenous system of enzymes (e.g., catalase, peroxidase,
SOD, etc.) and metabolites (e.g., ascorbate, glutathione,
Tocopherol, and proline) to operate it, if exposed to stress
(Apel and Hirt 2004). A fine tuning between ROS and
scavenging molecules monitors the growth and cellular
expression under normal conditions. However, their
production is more often obvious during resetting the
biochemical set up during stress, where plant compro-
mises growth to redirect these molecules for new
functions. Therefore, in the interim between return to
aerobiosis and reactivation of electron transport chain
favors the ROS production. Imbalance between scaveng-
ing and production of ROS due to alteration in biochem-
ical set-up under stress may leak excess ROS. Altered
membrane properties in leaves fails to sustain turgidity
may cause osmotic stress favored by reduced water
transport, which in turn presumably decrease SOD and
CAT activity and overproducing O2

− as reported in wheat
leaves. This in turn causes exacerbation of lipid perox-
idation and depression of photosynthesis. The steady state
level of ROS in different cellular compartments is
determined by interplay between multiple ROS producing
pathways and ROS scavenging mechanisms. They are
controlled by the ROS signal transduction pathway and
believed to run a “ROS-cycle”.

Recent findings of new roles of such species (ROS
and free radicals) are attributed to control and regulate
various biological processes viz. PCD, hormonal signal-
ing, stress responses, and development. The burst of
ROS is reported during various defense mechanisms in
biotic stresses (causing localized necrosis and/or PCD) or
in intense abiotic stresses. In cell(s)/tissue (s), there
appears an adjustment (when stress accelerates) between
PCD and necrosis till the death; dispensable tissues/
organs are sacrificed first. New centers of origin of ROS
production recently identified include NADPH oxidases,
amine oxidases, and cell-wall-bound peroxidases etc. NO
acts as an inter/intra-cellular signaling plant growth
regulator (Beligni and Lamattina 2000) that mainly acts
against the oxidative stress (Neill et al. 2002). However, at
higher concentrations NO may prove to be potentially
toxic to the plant systems (Lamattina et al. 2003). NO at
elevated concentrations has an effect synergistic with that
of ROS (Beligni and Lamattina 1999a, b).

As an important member of ROS, O2
− has been shown

to directly react with protein at Fe-S clusters, heme groups
or S-S bonds and oxidize them (Thompson et al. 1987).
Therefore O2

− is devastating to electron transfer in
photosynthesis. In the stroma of chloroplasts, the key
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enzyme of carbon metabolism, Rubisco is very sensitive to
oxidative stress, causes cross-linking of large subunits at
S-S (Mehta et al. 1992). O2

− presumably mediates cell
death symptoms (-apoptosis) including lipid peroxidation
and subsequent membrane damage (Baker and Orlandi
1995). Metal ion sequestration as Fe and Cu by ferritin and
Cu-binding proteins is thought to be important to prevent
the formation of highly toxic OH− via metal dependent
Haber Weiss or Fenton reactions. Some of the highly toxic
species' formation is prevented either through elevated
expression of quenchers (reduced glutathione, ascorbic
acid, proline etc.) or antioxidant enzymes (CAT, POX,
SOD) viz. OH-, singlet oxygen (1O2) etc. Anoxic stress
leads to H2O2 formation plants cells. The level of H2O2 and
O2

- is maintained at steady state level through SOD,
ascorbate peroxidase (APX), and/or CAT, since beyond
their threshold they are toxic.

Hypoxic signals, perception and gene regulation

No oxygen sensor has yet been clearly identified in
plants (Magneschi and Perata 2009). The expected
candidates are haem or protein with haem cofactors
(reviewed by Dat et al. 2004; Sairam et al. 2009). Class I
hemoglobins (Hbs) maintain the low oxygen environment
by tightly binding to the O2 molecule. These non-symbiotic
Hbs have been reported to be induced under hypoxia (Hunt
et al. 2002) and shown to regulate the release of NO,
therefore detoxifying their excess concentration. Recent
proteomic and microarray analyses revealed the expression
of more ANPs expressed temporally under various regimes
of deprived O2 in tomato, rice and A. thaliana. These
include heat shock factors, ethylene responsive binding
proteins (ERBP), MADS-box proteins, AP2 domain,
leucine zipper, zinc finger, WRKY factors (Loreti et al.
2005; Lasanthi-Kudahettige et al. 2007), NIM1-like protein2,
DWARF1 protein (BR biosynthesis), PAL, flavanone-3-
hydroxylase (secondary metabolism), glutamyl t-RNA re-
ductase1(porphyrin synthesis encoded by heme A gene;
Tanaka et al. 1996), mtATPase α-subunit (Ahsan et al. 2007)
alongwith several other well known ANPs belonging to
enzymes of carbohydrate metabolism, glycolytic and fer-
mentation pathways and aerenchyma formation.

How plant (roots) sense depleting oxygen, is yet not
clear. The role of ethylene in early singling is also elusive.
However, efforts at molecular level revealed the identifica-
tion of new cis-binding elements at promotor sequences and
several trans-acting proteins. The work is still fragmentary
and requires further investigations to resolve role of early
signaling molecules and their working at initial level under
influence of which roots switch to anaerobiosis. Recently
identified ROP (Rho of Plants) G-proteins act as a

molecular switch under hypoxic signaling (Fig. 1). ROP-
GAP4 (ROP GTPase activating protein4) is a negative
regulator of ROP signaling. ROPs is a GTP binding protein,
promoted by hypoxia. The active ROP-GTP induces the
expression and accumulation of mRNA encoding adh and
ROPGAP4. Further the mutants defective in regulating the
anaerobic induction of adh gene (aar1-1, aar1-2, and aar2-1)
were identified. The formation of ROS has been noted in
germinating rice seeds during normoxia and in A. thaliana
and rice under hypoxia. ROS may secondarily produce H2O2

or other free radicals. Mutant study of ROP signaling
indicated that H2O2 acts as both, positive and negative
regulator. (Baxter-Burrell et al. 2002) proposed that produc-
tion of signaling-competent ROS is mediated by ROP
rheostat may provide tolerance to low oxygen management
by regulating release of ROS and consumption of sugars
(Fig. 1).

Also in part, the role of ethylene signaling in the hypoxic
induction of adh was shown in Arabidopsis (Peng et al.
2001). However, proteomic analysis at early waterlogging
sensing show expression of certain transcription factors may
provide clues of promotor binding proteins up/down regu-
lating the key enzymes of anaerobic pathways. Recently,
several workers identified a new lot of ANPs with altered
expression during early hypoxic conditions (Ahsan et al.
2007; Agarwal and Grover 2006). Some of these are even
novel proteins, indicating their plausible roles in several
other unknown mechanisms of defense operating at tissue
specific manner.

Concluding remarks

The stress, in physiological sense; is state function, an
altered condition caused by external factor(s) that tend to
alter the equilibrium (Nilsen and Orcutt 1996) in plant.
External cues plants may perceive as tissue specific manner.
The sensitivity of sensing tissue determines the plant initial
response to timely regulate its metabolism by the acclima-
tion induction, up- or down-regulation of the expression of
concerned genes/enzymes and their activity providing the
ultimate resistance. The emergence of protein expression
analyses spotted up-regulation of several ANPs during
oxygen tension in the primary sensing tissues viz. germi-
nating seeds, elongating coleoptiles, roots of seedlings and
the root tips. Most of the up-regulated/induced proteins of
ANPs, as shown, belong to the enzymes of carbohydrate
metabolism (α-amylase, SuSy), glycolysis pathway (hexo-
kinase, enolase, glyceraldehyde-3-phosphate dehydroge-
nase, phosphofructokinase, aldolase), (alcohol, lactic acid
and alanine) fermentation pathways, nitrogen metabolism
(GS, NR, NiR) with the additional proteins belonging to
signaling (DWARF1, ACC synthase, ACC oxidase, NOS,
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CDPK), redox sensing (Hb, AsA, GSSG, POX, AOX,
vacuolar and mtATPases), apoptosis (xet1,cys proteases),
secondary metabolites (PAL, flavanone-3-hydroxylase), and
transcription factors (WRKY, AtMyb2, MYB7) etc., while
some others are suppressed (LDH, SAM, cys-desulfurase,
PDH and BTF3 like transcription factors). Efforts to
produce transgenic plants with upregulated expression
of one or more of such key regulatory enzymes have
been failed mostly. Researches switched over the regu-
lation mechanisms of these enzymes at the conserved
sequences of the promotors of abovementioned enzymes
sharing the homology. The work on trans-acting binding
factors revealed the role of ROP signaling and AtMyb
transcription factor in regulating the battery of anaerobic
genes under hypoxic conditions. The constitutive expres-
sion of AtMyb transcription factor, however, does not

come up with success suggesting the constraints in the
normal cellular metabolism by the constitutive induction
of anaerobic genes under normoxia. A time-lapse study
of expressions of ANPs, the analyses of involved
transcription factors and their binding elements with
sharing homologies with the promotor sequences of other
ANPs will definitely add new insights understanding the
gradual acclimation of root/plant under prevailing hyp-
oxic/anoxic conditions. The over expression of early
regulators (transcription factors) regulating recruitment/
alteration of protein profile under hypoxia in transgenic
plants with increased “copy number” under control of
inducible promotor (instead of constitutive promotor)
may lessen the metabolic constraint under normal
oxygen/growth conditions but with added resistance,
sensing upcoming oxygen stress.

   Kinases/ 
Phosphatases

O2

   ROP 
Signaling

Hb

NO2
-

Myb   NOS 
Ni-NOR
   cNR 

NH3

NiR

  NO 

  NO 

Hb-Fe2+O2

Hb-Fe3+
NO3

-
NAD(P)H

 NAD+

mRNA

ADH

ROPGAP4

 ROP-GDP

GDP

ROP-GTP

GDP

GTP

   Low 
Adenylate
     Pool 

  Ethanol 

 ROS

 cNR/
PM-NR

Cytosolic
Acidosis

H2O2

  Low O2

NO3
-

Succinate

Fumarate

NAD+

NADH

Peroxisomes

ADH

  Free soluble 
       Sugars 

CH3-CoA

Glycolysis

LDH

Lactate

CO2

NAD+

NADH2

NAD+

Fig. 1 Production of nitric
oxide, hemoglobin-nitric oxide
cycle, and Rho of plants
signaling regulation

12 M. Irfan et al.



References

Agarwal S, Grover A (2006) Molecular biology, biotechnology and
genomics of flooding-associated low O2 stress response in plants.
Crit Rev Plant Sci 25:1–21

Aggarwal PK, Kalra N, Chander S, Pathak H (2006) InfoCrop: a
dynamic simulation model for the assessment of crop yields,
losses due to pests, and environmental impact of agro-
ecosystems in tropical environments. I. Model description.
Agr Syst 89:1–25

Ahsan N, Lee DG, Lee SH, Lee KW, Bahk JD, Lee BH (2007) A
proteomic screen and identification of waterlogging-regulated
proteins in tomato roots. Plant Soil 295:37–51

Alla MMN, Younis ME, El-Shihaby OA, El-Bastawisy ZM (2002)
Kinetin regulation of growth and secondary metabolism in
waterlogging and salinity treated Vigna sinensis and Zea mays.
Physiol Plant 24:19–27

Andrews TJ, Lorimer GH (1987) Rubisco: structure, mechanisms and
prospects for improvement. In: Hatch MD, Boardman NK (eds)
The biochemistry of plants. Academic Press, New York, pp 131–
218

Andrews DW, Drew MC, Johnson JR, Cobb BG (1994) The response
of maize seedlings of different ages to hypoxic and anoxic stress.
Plant Physiol 105:53–60

Apel K, Hirt H (2004) Reactive oxygen species: metabolism
oxidatives and signal transduction. Ann Rev Plant Mol Biol
55:373–399

Arikado H, Adachi Y (1955) Anatomical and ecological responses of
barley and some forage crops to the flooding treatment. Bull Fac
Agr Mie Univ 11:1–29

Armstrong W (1978) Root aeration in the wetland condition. In: Hook
DD, Crawford RMM (eds) Plant life in anaerobic environments.
Ann Arbor Sci, Ann Arbor (Michigan), pp 269–297

Asada K (1999) The water-cycle in chloroplasts: scavenging of active
oxygen and dissipation of excess photons. Annu Rev Plant
Physiol Plant Mol Biol 50:601–639

Aschi-Smiti S, Chaïbi W, Brouquisse R, Beerenice-Ricard B, Saglio P
(2004) Assessment of enzyme induction and aerenchyma
formation as mechanisms for flooding tolerance in Trifolium
subterraneum ‘Park’. Ann Bot 91:195–204

Avdhani PN, Greenway H, Lefroy R, Prior L (1978) Alcoholic
fermentation and malate metabolism in rice germinating at low
oxygen concentrations. Aust J Plant Physiol 5:15–25

Badger MR, Sharkey TD, von Caemmerer S (1984) The relationship
between steady-state gas exchange of bean leaves and the levels
of carbon-reduction-cycle intermediates. Planta 160:305–313

Bahr JT, Jensen RG (1978) Activation of ribulose bisphosphate
carboxylase in intact chloroplasts by CO2 and light. Arch
Biochem Biophys 185:39–48

Baker CJ, Orlandi EW (1995) Active oxygen in plant/pathogen
interactions. Annu Rev Phytopathol 33:299–321

Bailly C (2004) Active oxygen species and antioxidants in seed
biology. Seed Sci Res 14:93–107

Barta AL (1988) Response of field grown alfalfa to root water-logging
and shoot removal. I Plant injury and carbohydrate and mineral
content of roots. Agron J 88:889–892

Baxter-Burrell A, Yang Z, Springer PS, Bailey-Serres J (2002)
RopGAP4-dependent Rop GTPase rheostat control of Arabi-
dopsis oxygen deprivation tolerance. Science 296(5575):2026–
2028

Beerling D (2007) The emerald planet. How plants changed Earth's
history. Oxford University Press, Oxford

Beligni MV, Lamattina L (1999a) Nitric oxide counteracts cytotoxic
processes mediated by reactive oxygen species in plant tissues.
Planta 208:337–344

Beligni MV, Lamattina L (1999b) Is nitric oxide toxic or protective?
Trends Plant Sci 4:299–300

Beligni MV, Lamattina L (2000) Nitric oxide stimulates seed
germination and de-etiolation and inhibits hypocotyls elongation,
three light inducible responses in plants. Planta 210:215–221

Bleecker AB, Kende H (2000) Ethylene: a gaseous signal molecule in
plants. Annu Rev Cell Dev Biol 16:1–18

Botrel A, Kaiser WM (1997) Nitrate reductase activation state in
barley roots in relation to the energy and carbohydrate status.
Planta 201:496–501

Botrel A, Magne AC, Kaiser WM (1996) Nitrate reduction, nitrite
reduction and ammonium assimilation in barley roots in response
to anoxia. Plant Physiol Biochem 34:645–652

Bouteau HEM, Bailly C (2008) Oxidative signaling in seed
germination and dormancy. Plant Signal Behav 3:175–182

Bradford KJ (1983) Effects of soil flooding on leaf gas exchange of
tomato plants. Plant Physiol 73:475–479

Bradford KJ, Hsiao TC (1982) Stomatal behaviour and water relations
of waterlogged tomato plants. Plant Physiol 70:1508–1513

Bradford KJ, Yang SF (1980) Xylem transport of I-aminocyclopropane-
lcarboxylic acid, an ethylene precursor, in waterlogged tomato
plants. Plant Physiol 65:322–326

Bradford KJ, Yang SF (1981) Physiological responses of plants to
waterlogging. HortScience 16:25–30

Braendle R, Crawford RMM (1999) Plants as amphibians. Perspect
Plant Ecol Evol Syst 2(1):56–78

Bucanamwo M, Purcell LC (1999) Soybean root morphological and
anatomical traits associated with acclimation to flooding. Crop
Sci 39:143–149

Buckner B, Janick-Buckner D, Gray J, Johal GS (1998) Cell-death
mechanisms in maize. Trend Plant Sci 3:218–223

Campbell R, Drew MC (1983) Electron microscopy of gas space
(aerenchyma) formation in adventitious roots of Zea mays L.
subjected to oxygen shortage. Planta 157:350–357

Castonguay Y, Nadeau P, Simard RR (1993) Effects of flooding on
carbohydrate and ABA levels in roots and shoots of alfalfa. Plant
Cell Environ 16:695–702

Cecchini G (2003) Function and structure of complex II of the
respiratory chain. Ann Rev Biochem 72:77–109

Chirkova TV (1978) Some regulatory mechanisms of plant adaptation
to temporal anaerobiosis. In: Davies D, Crawford RMM (eds)
Plant Life in Anaerobic environment. Ann Arbor Sci Publ, Ann
Arbor, pp 137–154

Colmer TD (2003) Aerenchyma an inducible barrier to radial oxygen
loss facilitate root aeration in upland, and deepwater rice (Oryza
sativa L.). Ann Bot 91:301–309

Crawford RMM (1967) Alcohol dehydrogenase activity in relation to
flooding tolerance in roots. J Exp Bot 18:458–464

Dangl JL, Dietrich RA, Richberg MH (1996) Death don't have no
mercy: cell death programs in plant-microbe interactions. Plant
Cell 8:1793–1807

Dat JF, Breussegem VF, Vondenabele S, Vranova E, Montagu VM,
Inze D (2000) Dual action of active oxygen species during plant
stress responses. Cell Mol Life Sci 57:779–795

Dat JF, Capelli N, Folzer H, Bourgeade P, Badot PM (2004) Sensing
and signaling during plant flooding. Plant Physiol Biochem
42:273–282

Davies DD (1980) Anaerobic metabolism and the production of
organic acids. In: Davies DD (ed) The biochemistry of plants,
vol. 2. Academic Press, New York, pp 581–611

Davies FS, Flore JA (1986a) Short-term flooding effects on gas
exchange and quantum yield of rabbiteye blueberry (Vaccinium
ashei Reade). Plant Physiol 81:289–292

Davies FS, Flore JA (1986b) Gas exchange and flooding stress of
highbush and rabbiteye blueberryes. J Am Soc Hort Sci 111:565–
571

Physiological and biochemical changes in plants under waterlogging 13



Davies WJ, Zhang J (1991) Root signals and the regulation of growth
and development of plants in drying soil. Annu Rev Plant
Physiol Plant Mol Biol 42:55–76

Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric oxide
functions as a signal in plant defense resistance. Nature 394:585–
588

Di Iorio EE (1981) Preparation of derivatives of ferrous and ferric
haemoglobin. Methods Enzymol 76:57–72

Drew MC (1992) Soil aeration and plant root metabolism. Soil Sci
154:259–268

Drew MC, Jackson MB, Giffard SC, Campbell R (1981) Inhibition by
silver ions of gas spaces (aerenchyma) formation in adventitious
roots of Zea mays L. subjected to exogenous ethylene or to
oxygen deficiency. Planta 153:217–224

Drew MC, Cobb BG, Johnson JR, Andrews D, Morgon PW, Jordon
W, He CJ (1994) Metabolic acclimation of root tips to oxygen
deficiency. Ann Bot 74:281–286

Drew MC, He CJ, Morgon PW (2000) Programmed cell death and
aerenchyma formation in roots. Trend Plant Sci 5:123–127

Durner JD, Wendehenne D, Klessig DF (1998) Defense gene
induction in tobacco by nitric oxide, cyclic cAMP and cyclo
ADP-ribose. Proc Natl Acad Sci 95:10328–1033

Fan TWM, Lane AN, Higashi RA (2003) In vivo and in vitro
metabolic analysis of anaerobic rice coleoptiles revealed unex-
pected pathways. R Jour Plant Physiol 50:787–793

Fan TWN, Higashi RM, Frenkiel TA, Lane AM (1997) Anaerobic
nitrate and ammonium metabolism in flood-tolerant rice coleop-
tiles. J Exp Bot 48:1655–1666

Fath A, Bethke PC, Jones RL (1999) Barley aleurone cell death is not
apoptotic: characterization of nuclease activities and DNA
degradation. Plant J 20:305–315

Gambrell RP, Patrick WH (1978) Chemical and microbiological
properties of anaerobic soils and sediments. In: Hook DD,
Crawford RMM (eds) Plant Life in Anaerobic Environments.
Ann Arbor Sci Pub, Ann Arbor, pp 375–423

Gambrell RP, deLaune RD, Patrick WH Jr (1991) Redox processes in
soils following oxygen depletion, plant life under oxygen
deprivation. In: Jackson MB, Davies DD, Lambers H (eds)
Ecology, physiology and biochemistry. SPB Academic, The
Hague, pp 101–117

Geigenberger P (2003) Response of plant metabolism to too little
oxygen. Curr Opin Plant Biol 6(3):247–256

Gepstein S, Thimann KV (1981) The role of ethylene in the
senescence of oat leaves. Plant Physiol 68:349–354

Gerlach WL, Pryor AJ, Dennis ES, Ferl RJ, Sachs MM, Peacock WJ
(1982) cDNA cloning and induction of the alcohol dehydrogenase
gene (Adh1) of maize. Proc Atl Acad Sci USA 79:2981–2985

Giba Z, Grubisic D, Todorovic S, Sajc L, Stojakovic D, Konjevic R
(1998) Effect of nitric oxide releasing compounds on
phytochrome-controlled germination of empress tree seeds. Plant
Growth Regul 26:175–181

Gibbs J, Greenway H (2003) Mechanisms of anoxia tolerance in
plants. I. Growth, survival and anaerobic catabolism. Func Plant
Biol 30:1–47

Gojon A, Passama L, Robin P (1986) Root contribution to nitrate
reduction in barley seedlings (Hordeum vulgare L.). Plant Soil
91:339–342

Goldschinidt EE (1982) The carbohydrate balance of alternate-bearing
citrus trees and the significance of reserves for flowering and
fruiting. J Amer Soc Hort Sci 107:206–208

Gout E, Boisson AM, Aubert S, Douce R, Bligny R (2001) Origin of
the cytoplasmic pH changes during anaerobic stress in higher
plant cells. Carbon-13 and phosphorus-31 nuclear magnetic
resonance studies. Plant Physiol 125:912–925

Grineva GM, Bragina TV (1993) Formation of adaptations to flooding
in corn. Soviet Plant Physiol 40:583–587

Groover A, Jones AM (1999) Tracheary element differentiation uses a
novel mechanism coordinating programmed cell death and
secondary cell wall synthesis. Plant Physiol 119:375–384

Gunaverdena A, Pearce DM, Jackson MB, Hawes CR, Evans DE
(2001) Characterization of programmed cell death during
aerenchyma formation induced by ethylene or hypoxia in roots
of maize (Zea mays). Planta 212:205–214

Harberd NP, Edwards KJR (1983) Further studies on the alcohol
dehydrogenases in barley: evidence for a third alcohol dehydro-
genase locus and data on the effect of an alcohol dehydrogenase-
1 null mutation in homozygous and in heterozygous condition.
Genet Res 41:109–116

Hagler L, Coppes RI Jr, Herman RH (1979) Metmyoglobin reductase.
Identification and purification of a reduced nicotinamide adenine
dinucleotide-dependent enzyme from bovine heart which reduces
metmyoglobin. J Biol Chem 254:6505–6514

Halliwell B, Gutteridge JMC (1999) Free radicals in biology and
medicine, 3rd edn. Oxford University Press, Oxford

He CJ, Drew MC, Morgan PW (1994) Induction of enzymes
associated with lysigenous aerenchyma formation in roots of
Zea mays during hypoxia or nitrogen starvation. Plant Physiol
105:861–865

He CJ, Morgan PW, Drew MC (1996) Transduction of an ethylene
signal is required for cell death and lysis in the root cortex of
maize during aerenchyma formation induced by hypoxia. Plant
Physiol 112:463–472

Herath HME, Eaton GW (1968) Some effects of water table, pH, and
nitrogen fertilization upon growth and nutrient-element content
of high bush blueberry plants. Proc Am Soc Hort Sci 92:274–
283

Hill RD (1998) What are haemoglobins doing in plants? Can J Bot
76:707–712

Hoffmann-Benning S, Kende H (1992) Cuticle biosynthesis in rapidly
growing internodes of deepwater rice. Plant Physiol 99:1156–
1161

Hoffman NE, Bent AF, Hanson AD (1986) Induction of lactate
dehydrogenase by oxygen deficit in barley root tissue. Plant
Physiol 82:658–663

Hsu YM, Tseng MJ, Lin CH (1999) The fluctuation of carbohydrates
and nitrogen compounds in flooded wax-apple trees. Bot Bull
Acad Sin 40:193–198

Huang S, Greenway H, Colmer TD (2003) Responses of coleoptiles of
intact rice seedlings to anoxia: K+net uptake from the external
solution and translocation from the caryopses. Ann Bot 91:271–
278

Hunt PW, Klok EJ, Trevaskis B, Watts RA, Ellis MH, Peacock WJ,
Dennis ES (2002) Increased level of hemoglobin 1 enhances
survival of hypoxic stress and promotes early growth in
Arabidopsis thaliana. Proc Natl Acad Sci USA 99(26):17197–
17202

Igamberdiev AU, Gardestrom P (2003) Regulation of NAD- and
NADP-dependent isocitrate dehydrogenases by reduction levels
of pyridine nucleotides in mitochondria and cytosol of pea
leaves. Biochim Biophys Acta 1606:117–125

Igamberdiev AU, Hill RD (2009) Plant mitochondrial function during
anaerobiosis. Ann Bot 103:259–268

Igamberdiev AU, Bykova NV, Ens W, Hill RD (2004a) Dihydro-
lipoamide dehydrogenase from porcine heart catalyses NADH
dependent oxygenation of nitric oxide. FEBS Lett 568:146–
150

Igamberdiev AU, Seregélyes C, Manac’h N, Hill RD (2004b) NADH-
dependent metabolism of nitric oxide in alfalfa root cultures
expressing barley haemoglobin. Planta 219:95–102

IPPC (2001) The scientific basis contribution of working group I to
the third assessment report of the intergovernmental panel on
climate change. In: Houghton JT, Ding Y, Griggs DJ, Noguer M,

14 M. Irfan et al.



van der Linden PJ, Dai X, Maskell K, Johnson CA (eds) Climate
change. Cambridge University Press, Cambridge, pp 1–94

Ishizawa K, Esashi Y (1984) Osmoregulation in rice coleoptile
elongation as promoted by cooperation between IAA and
ethylene. Plant Cell Physiol 25:495–504

Jackson MB (1985) Ethylene and the responses of plants to soil
waterlogging and submergence. Ann Rev Plant Physiol 36:145–
174

Jackson MB (1991) Regulation of water relationships in flooded
plants by ABA from leaves, roots and xylem sap. In: Davies WJ,
Jenes HG (eds) Abscisic acid: physiology and biochemistry.
BIOS Sci Publ, Oxford, pp 217–226

Jackson MB (2008) Ethylene-promoted elongation: an adaptation to
submergence stress. Ann Bot 101:229–248

Jackson MB, Campbell DJ (1976) Movement of ethylene from roots
to shoots a factor in responses of tomato plants to waterlogged
soil conditions. New Phytol 76:21–29

Jackson MB, Colmer TD (2005) Response and adaptation by plants to
flooding stress. Ann Bot 96:501–505

Jackson MB, Drew MC (1984) Effects of flooding on growth and
metabolism of herbaceous plants. In: Kozlowski T (ed) Flooding
and plant growth. Academic Press, New York, pp 47–128

Jackson MB, Hall KC (1987) Early stomatal closure in waterlogged
pea plants is mediated by abscisic acid in the absence of foliar
water deficits. Plant Cell Environ 10:121–130

Jackson MB, Kowalewska AKB (1983) Positive and negative
messages from roots induce foliar desiccation and stomatal
closure in flooded pea plants. J Exp Bot 34:493–506

Jackson MB, Pearse DME (1991) Hormones and morphological
adaptation to aeration stress in rice. In: Jackson MB, Lambers H
(eds) Plant life under oxygen deprivation. SPB Acad Publ,
Hague, pp 47–67

Jackson MB, Ram PC (2003) Physiological and molecular basis of
susceptibility and tolerance of rice plants to complete submer-
gence. Ann Bot 91:227–241

Jain JL, Jain S, Jain N (2006) Fundamental of biochemistry-plant
hormones, 6th edn. S Chand and Company Ltd, New Delhi,
pp 945–955

Johnson J, Cobb BG, Drew MC (1989) Hypoxic induction of
anoxia tolerance in root tips of Zea mays. Plant Physiol 91:837–
841

Jormakka M, Byrne B, Iwata S (2003) Protonmotive force generation
by a redox loop mechanism. Febs Lett 545:25–30

Justin SHFW, Armstrong W (1991) Evidence for the involvement of
ethylene in aerenchyma formation in adventitious roots of rice
(Oryza sativa). New Phytol 118P:49–62

Kamaluddin M, Zwiazek JJ (2002) Ethylene enhances water transport
in hypoxic Aspen. Plant Physiol 128:962–969

Kawai M, Samarajeewa PK, Barrero RA, Nishiguchi M, Uchimiya H
(1998) Cellular dissection of the degradation pattern of cortical
cell death during aerenchyma formation in rice roots. Planta
204:277–287

Kelley PM (1989) Maize pyruvate decarboxylase mRNA is induced
anaerobically. Plant Mol Biol 13:213–222

Kelley PM, Freeling M (1984a) Anaerobic expression of maize
glucose phosphate isomerase I. J Bio Chem 259P:673–677

Kelley PM, Freeling M (1984b) Anaerobic expression of maize
fructose- 1, 6-diposphate aldolase. J Bio Chem 259:14180–
14183

Kennedy RA, Rumpho ME (1992) Anaerobic metabolism in plants.
Plant Physiol 100:1–6

Kim EJ, Kwak JM, Uozumi N, Schroeder JI (1998) AtKUP1: an
Arabidopsis gene encoding high-affinity potassium transport
activity. The Plant Cell 10:51–62

Koprya M, Gwozdz EA (2003) Nitric oxide stimulates seed
germination and counteracts the inhibitory effect of heavy metals

and salinity on root growth of Lupinus luteus. Plant Physiol
Biochem 41:1011–1017

Labanauskas CK, Stolzy LH, Handy MF (1972) Concentrations and
total amount of nutrients in citrus seedlings (Citrus sinensis
‘Osbeck9) and in soil as influenced by different soil oxygen
treatment. Proc Soil Sci Soc Am 36:454–457

Lamattina L, Garcia-Mata C, Graziano M, Pagnussat G (2003) Nitric
oxide: the versatility of an extensive signal molecule. Ann Rev
Plant Biol 54:109–136

Lasanthi-Kudahettige R, Magneschi L, Loreti E, Gonzali S, Licausi F,
Novi G (2007) Transcript profiling of the anoxic rice coleoptile.
Plant Physiol 144:218–231

Liao CT, Lin CH (1994) Effect of flooding stress on photosynthetic
activities of Momordica charantia. Plant Physiol Biochem 32:1–5

Liao CT, Lin CH (1995) Effect of flood stress on morphology and
anaerobic metabolism of Momordica charantia. Environ Exp Bot
35:105–113

Liao CT, Lin CH (2001) Physiological adaptation of crop plants to
flooding stress. Proc Natl Sci Counc ROC (B) 25:148–157

Lorbiecke R, Sauter M (1999) Adventitious root growth and cell-cycle
induction in deepwater rice. Plant Physiol 119:21–29

Lorimer GH, Badger MR, Andrews TJ (1976) The activation of
ribulose-1, 5-bis-phosphate carboxylase by carbon dioxide and
magnesium ion. Equilibria, kinetics, a suggested mechanism and
physiological implications. Biochemistry 15:529–536

Loreti E, Yamaguchi J, Alpi A, Perata P (2003) Sugar modulations of
alpha-amylase genes under anoxia. Ann Bot 91:143–148

Loreti E, Poggi A, Novi G, Alpi A, Perata P (2005) A genome-wide
analysis of the effects of sucrose on gene expression in
Arabidopsis seedlings under anoxia. Plant Physiol 137(3):1130–
1138

Magneschi L, Perata P (2009) Rice germination and seedling growth
in the absence of oxygen. Ann Bot 103:181–196

Maltby E (1991) Wetlands–their status and role in the biosphere, plant
life under oxygen deprivation. In: Jackson MB, Davies DD,
Lambers H (eds) Ecology, physiology and biochemistry. SPB
Academic, The Hague, pp 3–21

Mapelli S, Locatelli F, Bertani A (1995) Effect of anaerobic
environment on germination and growth of rice and wheat:
endogenous levels of ABA and IAA. Bulg J Plant Physiol 21:33–
41

Martinez P, Martin W, Cerff R (1989) Structure, evolution and
anaerobic regulation of a nuclear gene encoding cytosolic
glyceraldehyde-3-phosphate dehydrogenase from maize. J Mol
Biol 208:551–565

Marubashi W, Yamada T, Niwa M (1999) Apoptosis detected in
hybrids between Nicotiana glutinosa and N. repanda expressing
lethality. Planta 210:168–171

Mattana M, Coraggio I, Bertani A, Reggiani R (1994) Expression of
the enzymes of nitrate reduction during the anaerobic germina-
tion of rice. Plant Physiol 106:1605–1608

McManmon M, Crawford RMM (1971) A metabolic theory of
flooding tolerance: the significance of enzyme distribution and
behaviour. New Phytol 70:299–306

McNamara ST, Mitchell CA (1989) Differential flood stress resistance
of two tomato genotypes. J Am Soc Hort Sci 105:751–755

McNamara ST, Mitchell CA (1991) Roles of auxin and ethylene in
adventitious root formation by a flood-resistant tomato genotype.
Hort Sci 26:57–58

Mehta RA, Fawcell TW, Porath D, Mattoo AK (1992) Oxidative stress
causes rapid membrane translocation and in vivo degradation of
ribulose 1, 5-biphosphate carboxylase/oxygenase. J Biol Chem
267:2810–2816

Mergemann H, Sauter M (2000) Ethylene induces epidermal cell
death at the site of adventitious root emergence in rice. Plant
Physiol 124:609–614

Physiological and biochemical changes in plants under waterlogging 15



Miernyk JA (1990) Glycolysis, the oxidative pentose phosphate
pathway and anaerobic respiration. In: Dennis DT, Tunpin DH
(eds) Plant Physiol Biochem Mol Biol Longman, White plains,
NY, pp 77–100

Miziorko HM, Lorimer GH (1983) Ribulose 1, 5-bisphosphate
carboxylase-oxygenase. Ann Rev Biochem 52:507–535

Moore R, Clark WD, Stern KR, Vodopich D (1995) Botany. Wm C
Brown Publishers, London, pp 431–432

Moran JF, Sun Z, Sarath G, Arredondo-Peter R, James EK, Becana M,
Klucas RV (2002) Molecular cloning, functional characterization,
and subcellular localization of soybean nodule dihydrolipomide
reductase. Plant Physiol 128:300–313

Mujer CV, Rumpho ME, Lin JJ, Kennedy RA (1993) Constitutive and
inducible aerobic and anaerobic stress proteins in the Echino-
chloa complex and rice. Plant Physiol 101:217–226

Musagrave A, Jackson MB, Long E (1972) Gallitriche stem
elongation is controlled by ethylene and gibberellins. Nature
New Biol 238:93–96

Neill SJ, Desikan R, Clarke A, Hancock JT (2002) Nitrite oxide novel
component of abscisic acid signaling in stomatal guard cells.
Plant Physiol 128:13–16

Neill SJ, Desikan R, Hancock JT (2003) Nitric oxide signaling in
plants. New Phytol 159:11–35

Nilsen E, Orcutt DM (1996) The physiology of plants under stress –
Abiotic factors. Wiley, New York, 689

Nie X, Hill RD (1997) Mitochondrial respiration and haemoglobin gene
expression in barley aleurone tissue. Plant Physiol 114:835–840

Olien WC (1989) Seasonal soil waterlogging influences water
relations and leaf nutrient content of bearing apple trees. J Amer
Soc Hort Sci 114:537–542

Ooume K, Inoue Y, Soga K, Wakabayashi K, Fujii S, Yamamoto R,
Hoson T (2009) Cellular basis of growth suppression by
submergence in azuki bean epicotyls. Ann Bot 103:325–332

Pang J, Cuin T, Shabala L, Zhou M, Mendham N, Shabala S (2007)
Effect of secondary metabolites associated with anaerobic soil
conditions on ion fluxes and electrophysiology in barley roots.
Plant Physiol 145:266–276

Peng HP, Chan CS, Shih MC, Yang SF (2001) Signaling events in the
hypoxic induction of Adh in Arabidopsis. Plant Physiol 126:742–
749

Perata P, Pozueta-romero J, Akazawa T, Yamaguchi J (1992) Effect of
anoxia on starch breakdown in rice and wheat seeds. Planta
188:611–618

Peschke VM, Sachs MM (1993) Multiple pyruvate decarboxylase
genes in maize are induced by hypoxia. Mol Gen Genet
240:206–212

Peschke VM, Sachs MM (1994) Characterization and expression of
anaerobically induced maize transcripts. Plant Physiol 104:387–
394

Pegoraro R, Mapelli S, Torti G, Bertani A (1988) Indole-3-acetic-acid
and rice coleoptile elongation under anoxia. J Plant Growth
Regul 7:85–94

Phung HT, Knipling EB (1976) Photosynthesis, and transpiration and
leaf conductance of Populus deltoids in relation to flooding and
drought. Photosynthetica 9:52–61

Ponnamperuma FN (1984) Effect of flooding on soils. In: Kozlowski TT
(ed) Flooding and plant growth. Academic, San Francisco, pp 9–45

Raskin I, Kende H (1984) Regulation of growth in stem sections of
deepwater rice. Planta 160:66–72

Ratcliffe RG (1995) Metabolic aspects of the anoxic response in plant
tissue. In: Smirnoff (ed) Environment and plant metabolism:
flexibility and acclimation. BIOS Scientific Publishers, Oxford,
pp 111–127

Recard B, Van Toi T, Chourey P, Saglio P (1998) Evidence for the
critical role of sucrose synthase for anoxic tolerance of maize
roots using double mutant. Plant Physiol 116:1323–1331

Reggiani R, Mattana M, Aurisano N, Bertani A (1993) Utilization of
stored nitrate during the anaerobic germination of rice seeds.
Plant Cell Physiol 34:379–383

Roberts JKM, Callis J, Wemmer D, Walbot V, Jardetzky O (1984)
Mechanism of cytoplasmic pH regulation in hypoxic maize root
tips and its role in survival under hypoxia. Proc Natl Acad Sci
USA 81:3379–3383

Rowland LJ, Strommer JN (1986) Anaerobic treatment of maize roots
affects transcription of Adh 1 and transcript stability. Mol Cell
Biol 6:3368–3372

Russel DA, Sachs MM (1989) Differential expression and sequences
analysis of maize glyceraldehyde-3-phosphate dehydrogenase
gene family. Plant Cell 1:793–803

Saab IN, Sachs MM (1995) Complete cDNA and genomic sequence
encoding a flooding-responsive gene from maize (Zea mays L.)
homologous to xyloglucan endo-transglycosylase. Plant Physiol
108:439–440

Saab IN, Sachs MM (1996) A flooding-induced xyloglucan endo-
transglycosylase homolog in maize is responsive to ethylene and
associated with aerenchyma. Plant Physiol 112:385–391

Sachs MM, Ho T-HD (1986) Alteration of gene expression during
environmental stresses in plants. Ann Rev Plant Physiol 37:363–
376

Sachs MM, Freeling M, Okimoto R (1980) The anaerobic proteins of
maize. Cell 20:761–767

Saglio PH (1985) Effect of path or sink anoxia on sugar translocation
in roots of maize seedlings. Plant Physiol 77:285–290

Saglio PH, Raymond P, Pradet A (1980) Metabolic activity and energy
charge of excised maize root tips under anoxia. Plant Physiol
66:1053–1057

Saglio PH, Drew MC, Pradet A (1988) Metabolic acclimation to
anoxia induced by low (2–4 kPa) partial pressure oxygen
pretreatment (hypoxia) in root tips of Zea mays. Plant Physiol
86:61–66

Sairam RK, Kumutha D, Ezhilmathi K, Deshmukh PS, Srivastava GC
(2008) Physiology and biochemistry of waterlogging in plants.
Biol Plant 52(3):401–412

Sairam RK, Kumutha D, Ezhilmathi K (2009) Waterlogging tolerance:
nonsymbiotic haemoglobin-nitric oxide homeostasis and antiox-
idants. Curr Sci 96(5):674–682

Saint-Ges V, Roby C, Bligny R, Pradet A, Douce R (1991) Kinetic
studies of the variations of cytoplasmic pH, nucleoside triphos-
phates (31P-NMR) and lactate during normoxic and anoxic
transitions in maize root tips. E J Biochem 200:477–482

Sage RF (1990) A model describing the regulation of ribulose-1, 5-
bis-phosphate carboxylase, electron transport and triose phos-
phate use in response to light intensity and CO2 in C3 plants.
Plant Physiol 94:1728–1734

Sage RF, Sharkey TD, Seemann JR (1988) The in vivo response of the
Ribulose 1, 5-bisphosphate carboxylase activation state and the
pool sizes of photosynthetic metabolites to elevated CO2 in
Phaseolus vulgaris L. Planta 174:407–416

Sage RF, Sharkey TD, Seemann JR (1990) Regulation of ribulose-1, 5
bis-phosphate carboxylase activity in responses light intensity
and CO2 in the C3 annuals Chenopodium album L. and
Phaseolus vulgaris. Plant Physiol 94:135–142

Samarajeewa PK, Barrero RA, Umeda-Hara C, Kawai M, Uchimiya H
(1999) Cortical cell death, cell proliferation, macromolecular
movements and rTip1 expression pattern in roots of rice (Oryza
sativa L.) under NaCl stress. Planta 207:354–361

Scholefield PB, Sedgley M, Alexander DMCE (1985) Carbohydrate
cycling in relation to shoot growth, floral initiation and
development and yield in the avocado. Sci Hortic 25:99–110

Sena Gomes AR, Kozlowski TT (1980) Growth responses and
adaptation of Fraxinus pennsylvanica seedlings to flooding.
Plant Physiol 66:267–271

16 M. Irfan et al.



Slowick K, Labanauskas CK, Stolzy LH, Zentmyer GA (1979)
Influences of rootstocks, soil oxygen, and soil moisture on the
uptake and translocation in young avocado plants. J Amer Soc
Hort Sci 104:172–175

Smith MW, Ager PL (1988) Effect of soil flooding of leaf has
exchange of seedling pecan trees. Hort Sci 23:370–372

Smith AM, Rees T (1979) Pathways of carbohydrate fermentation in
the roots of marsh plants. Planta 146:327–334

Smith MW, McNew RW, Ager PL, Cotton BC (1986) Seasonal
changes in the carbohydrate concentration in pecan shoots and
their relationship of flowering. J Amer Soc Hort Sci 111:558–561

Sowa A, Duff SMG, Guy PA, Hill RD (1998) Altering hemoglobin
levels changes energy status in maize cells under hypoxia. Proc
Nat Acad Sci USA 95:10317–10321

Steffen D, Doring O, BuschMA, Bottger M, Luthje S (2001) Interactions
between electron transport at the plasma membrane and nitrate
uptake by maize (Zea mays L.) roots. Protoplasma 217:70–76

Stohr C, Mack G (2001) Diurnal changes in nitrogen assimilation of
tobacco roots. J Exp Bot 52:1283–1289

Stohr C, Strube F, Marx G, Ullrich WR, Rockel P (2001) A plasma
membrane-bound enzyme of tobacco roots catalyses the forma-
tion of nitric oxide from nitrite. Planta 212:835–841

Stunzi JT, Kende H (1989) Gas composition in the internal air spaces
of deep water rice in relation to growth induced by submergence.
Plant Cell Physiol 30:49–56

Subbaiah CC, Sachs MM (2003) Molecular and cellular adaptations of
maize to flooding stress. Ann Bot 91:119–127

Su PH, Lin CH (1998) Root sugar level in flooded luffa and bitter
melon is not referential to flooding tolerance. Bot Bull Acad In
39:175–179

Swaminathan MS (1993) From nature to crop production. In: Buxton
DR et al (eds) International Crop Science I. Crop Science Society
of America, Madison, pp 385–394

Tanaka R, Yoshida K, Nakayashiki T, Masuda T, Tsuji H, Inokuchi H,
Tanaka A (1996) Differential expression of two hemA mRNAs
encoding glutamyl-tRNA reductase proteins in greening cucumber
seedlings. Plant Physiol 110:1223–1230

Thompson JE, Legge RL, Baker RF (1987) The role of free radicals in
senescence and wounding. New Phytol 105:317–344

Topa MA, Cheesemann JM (1992) Effects of root hypoxia and a low
P supply on relative growth, carbon dioxide exchange rates and
carbon partitioning in Pinus serotina seedlings. Physiol Plant
86:136–144

Topunov AF, Melik-Sarkisian SS, Lysenko LA, Kretovich VL (1980)
Properties of methemoglobin reductase from lupine nodules.
Biochemistry (Moscow) 45:2053–2058

Trevaskis B, Watts RA, Andersson C, Llewellyn D, Hargrove MS,
Olson JS, Dennis ES, Peacock WJ (1997) Two haemoglobin
genes in Arabidopsis thaliana: the evolutionary origins of
leghemoglobins. Proc Nat Acad Sci USA 94:12230–12234

Trought MCT, Drew MC (1982) Effects of waterlogging on young
wheat plants (Triticum aestivum L.) and on soil solutes at
different temperatures. Plant Soil 69:311–326

Tripepi RR, Mitchell CA (1984) Stem hypoxia and root respiration of
flooded maple and birch seedlings. Physiol Plant 60:567–571

Van Steveninck RFM, Van Steveninck ME (1983) Abscesic acid and
membrane transport. In: Davies WJ, Jones HG (eds) Abscesic Acid:
Physiology and Biochemistry. BIOS Scientific, Oxford, pp 53–61

Vanlerberghe CC, Feil R, Turpin DH (1990) Anaerobic metabolism in
the N-limited green alga Selenastrum minutumi.I. Regulation of
carbon metabolism and succinate as a fermentation product. Plant
Physiol 94:1116–1123

Vartapetian BB, Andreeva IN, Generozova IP, Polyakova LI, Maslova
IP, Dolgikh YI, Stepanova AY (2003) Fuctional electron

microscopy in studies of plant response and adaptation to
anaerobic stress. Ann Bot 91:155–172

Vartapetian BB (2005) Plant anaerobic stress as a novel trend in
ecological physiology, biochemistry, and molecular biology 1.
Establishment of a new scientific discipline. Rus J Plant Physiol
52:826–844

Vartapetian BB (2006) Plant anaerobic stress as a novel trend in:
ecological physiology, biochemistry, and molecular biology 2.
Further development of the problem. Russ J Plant Physiol 53
(6):711–738

Visser EJW, Voesenek LACJ, Vertapetian BB, Jackson MB (2003)
Flooding and plant growth. Ann Bot 91:107–109

von Caemmerer S, Edmondson DL (1986) The relationship between
steady-state gas exchange, in vivo RuBP2 carboxylase activity
and some carbon reduction cycle intermediates in Raphanus
sativus. Aus J Plant Physiol 13:669–688

Voesenek LACJ, Banga M, Their RH, Mudde CM, Harren FM,
Barendse GWM, Blom CWPM (1993) Submergence-induced
ethylene synthesis, entrapment, and growth in two plant species
with contrasting flooding resistances. Plant Physiol 103:783–
791

Voesenek LACJ, Benschop JJ, Bou J, Cox MCH, Groeneveld HW,
Millenaar FF, Vreeburg RAM, Peeters AJM (2003) Interactions
between plant hormones regulate submergence-induced shoot
elongation in the flooding-tolerant dicot Rumex palustris. Ann
Bot 91:205–211

Vriezen WH, Zhou Z, Van der Straeten D (2003) Regulation of
submergence-induced enhanced shoot elongation in Oryza sativa
L. Ann Bot 91:263–270

Vu CV, Yelenosky G (1991) Photosynthetic responses of citrus trees to
soil flooding. Physiol Plan 81:7–14

Watkin ELJ, Campbell CJ, Greenway H (1998) Root development and
aerenchyma formation in two wheat cultivars and one Triticale
cultivar grown in stagnant agar and aerated nutrient solution. Ann
Bot 81:349–354

Wample RL, Davis RW (1983) Effect of flooding on starch accumulation
in chloroplasts of sunflower (Helianthus annuus L.). Plant Physiol
73:195–198

Wang H, Li J, Bostock RM, Gilchrist DG (1996a) Apoptosis: a
functional paradigm for programmed plant cell death induced by
a host-selective phytotoxin and invoked during development.
Plant Cell 8:375–391

Wang M, Oppedijk BJ, Lu X, Dujin BV, Schilperoort RA (1996b)
Apoptosis in barley aleurone during germination and its
inhibition by abscisic acid. Plant Mol Biol 32:1125–1134

Wang R, Guegler K, LaBrie ST, Crawford NM (2000) Genomic
analysis of a nutrient response in Arabidopsis reveals diverse
expression patterns and novel metabolic and potential regulatory
genes induced by nitrate. Plant Cell 12:1491–1510

Webb T, Armstrong W (1983) The effects of anoxia and carbohydrates
on the growth and viability of rice, pea and pumpkin roots. J Exp
Bot 34:579–603

Wink DA, Mitchell JB (1998) Chemical biology of nitrite oxide:
Insights into regulatory, cytotoxic and cytoprotective mechanisms
of nitric oxide. Free Radical Bio Med 25:434–456

Zacarias L, Reid MS (1990) Role of growth regulators in the senescence
of Arabidopsis thaliana leaves. Physiol Plant 80:549–554

Zeng Y, Avigne WT, Koch KE (1999) Rapid repression of maize
invertase by low oxygen. Invertase/sucrose synthase balance, sugar
signaling potential and seedling survival. Plant Physiol 121:599–
608

Zottini M, Formentin E, Scattolin M, Carimi F, Lo Schiavo F, Terzi M
(2002) NO affects plant mitochondrial functionality in-vivo. Febs
Lett 515:75–78

Physiological and biochemical changes in plants under waterlogging 17


	Physiological and biochemical changes in plants under waterlogging
	Abstract
	Introduction
	Flooding generates hypoxic stress in plants
	Waterlogging upregulates ACC in root tips as primary signal
	Waterlogging stimulates root tip death
	Flooding and induction of aerenchyma formation
	Waterlogging-mediated epidermal cell-death facilitates emergence of adventitious roots at nodes
	Submergence affects leaf-gas exchange
	Physiological changes under flooding
	Submergence reduces activity of Rubisco and photosynthetic capacity of mesophyll cells

	Waterlogging cause reduction in leaf-water-potential
	Waterlogging mediated reduced translocation checks the localization of photosynthates
	Phytohormones regulate plant modifications under flooding stress
	Biochemical changes under flooding stress
	Anaerobic fermentation pathways under waterlogging generate hypoxia
	Waterlogging and role of Hb/NO cycle
	Hypoxia induces nitrate respiration
	Role of antioxidant system under waterlogging stress
	Hypoxic signals, perception and gene regulation
	Concluding remarks
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


