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With the frequent occurrence of extreme weather such as typhoons and rainstorms, waterlogging has become one

of the most important threats to global crop growth and production. Waterlogging limits plants’ access to oxygen

and light, leading to disadvantageous changes in metabolism to disturb plant growth and development. To escape

the damage of hypoxia or promote the diffusion of oxygen to submerged organs, plants respond to waterlogging

stress by regulating their morphological structure, photosynthesis, respiration, energy metabolism, and

endogenous plant hormone biosynthesis/signal transduction. The adventitious roots (AR), aerenchyma, and stem

internode are the major target structure for waterlogging adaptation. 

molecular mechanism  regulatory interaction  signal transduction

1. Introduction

At the cellular level, waterlogging stress mainly affects internal metabolism, internal material flow out, cell

membrane destruction, and photosynthetic rate . Hypoxic immobility means that some crops can grow slowly

underwater to conserve energy, and cells maintain their intact structure and essential functions through metabolic

regulation. In addition, plants can retain a certain number of green leaves and generate new leaves to restore

growth after submergence, which has a relatively lower impact on crop agronomic traits .

2. Hypoxic Response of Plants to Waterlogging Stress

Waterlogging stress causes anoxia in plant tissues, and the diffusion rate of atmospheric gas to roots is cut by 10

times, limiting the tricarboxylic acid (TCA) cycle and the oxygen demand on the mitochondrial electron transport

chain. Anaerobic respiration becomes an important source of ATP in plants . Some cells strongly increase

metabolic flux through glycolysis, while others consume more conserved carbohydrates. Pyruvic acid accumulation

during glycolysis can be used in anaerobic fermentation. Glyceraldehyde phosphate dehydrogenase (GAPDH),

ethanol dehydrogenase (ADH), and pyruvate decarboxylase (PDC) in plant roots play a key role in the ethanol

fermentation pathway, whose activities are generally considered as one of the important indicators of plant

waterlogging resistance . The GmADH2 gene is induced during glycolysis and ethanol fermentation and

enhanced the germination ability of transgenic GmADH2 soybean seeds under waterlogged conditions . Lactate

dehydrogenase (LDH) is also involved in waterlogging resistance together with PDC. The overexpression of LDH

significantly enhances the PDC activity and hypoxia-resistance of Arabidopsis . In addition, the overexpression of

AdRAP2.3 in tobacco can increase the activity of PDC and ADH enzymes in the root system, as well as the

expression levels of waterlogging marker genes . Nevertheless, the intermediate product acetaldehyde and the
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final product ethanol produced by anaerobic respiration also accumulate correspondingly , and the high

concentration of toxic anaerobic substances destroy the metabolic balance of plants . Studies on the protein

profiles of maize seedlings under anaerobic conditions showed that the synthesis of most proteins decreased

sharply . Hypoxia also affects the survival of bacteria in the soil, and the death of bacteria leads to the reduction

in nitrate in plants, resulting in a decrease in plant yield .

The way plant cells perceive O  levels is largely dependent on the control of the stability of ERFVIIs transcription

factors. Polyunsaturated long-chain acyl-coA is mainly dynamically involved in the activation of hypoxia signals in

plants by regulating ACBP-ERF-VII . As a member of the Arabidopsis CDPK family, CPK12 is activated by

calcium-dependent phosphorylation, then CPK12 is transported from the cytoplasm to the nucleus, interacts and

phosphorylates a regulator of the plant hypoxic sensing core ERF-VII, to improve hypoxia tolerance . The ability

of plants to maintain high levels of non-structural carbohydrates is also an important phenotypic characteristic of

tolerant varieties. Amylase gene plays a central role in the degradation of endosperm starch during aerobic

germination of cereal seeds . Amy3 subfamily gene expression is upregulated under hypoxic conditions. The

rice CIPK15 gene is the main positive and upstream regulatory gene of SnRK1A, which can induce the expression

of Amy3D encoding α-amylase and actively regulate carbohydrate catabolism under hypoxia conditions .

Moreover, the trehalose 6-phosphatase gene is the main QTL for the anaerobic germination tolerance of rice .

OsTPP7 induces transcription of α-amylase related genes, leading to the decomposability of starch to provide

energy for seed germination . In summary, genes related to sugar and energy metabolism are activated by flood

stress to regulate the plant’s response to hypoxia stress. The stratum corneum is the first barrier to gas exchange

in plants, especially when the stomata are tightly closed under water flooding conditions. The increase in stratum

corneum permeability induced by flooding is closely related to the down-regulation of genes involved in epidermal

lipid synthesis in Arabidopsis under hypoxia stress . Previous studies show that carbon dioxide (CO ) and

oxygen (O ) can enter plant cells directly through the stratum corneum when the stomata are closed, and the

thinner stratum corneum helps more CO  and O  flow in and stimulate photosynthesis. Long-chain acyl-CoA

synthetase (LACS2) regulates the submergence tolerance by regulating the permeability of the stratum corneum in

Arabidopsis cells, which is physiologically related to chlorophyll exudation, ion leakage, and gas exchange . In

addition, changes in cellular ion homeostasis and membrane transporters induced by hypoxia may be crucial for

cell fate determination and formation of the lysigenous aerenchyma in plant roots, as well as the formation of root

structure and adventitious root development .

3. Osmotic Regulation of Plants in Response to
Waterlogging Stress

Waterlogging can affect the osmotic regulation process of plants. An important physiological response for plants to

adapt to waterlogging stress is that during short-term waterlogging, osmoregulatory factors (such as soluble

protein, sugar, and free proline) are mainly involved in regulating osmotic pressure of plant cells and can be

stimulated to accumulate rapidly, which can protect plants under waterlogging conditions by optimizing cell

environmental protection enzymes and membrane systems, but the contents of soluble protein, sugar, and free
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proline decreased gradually with prolonged waterlogging . The decreased profiles of osmoregulatory

factors in waterlogged grains is related to the growth stage. The loss of total protein (protein, albumin, and gluten)

of waxy maize at the jointing stage is the most severe, and the starch content of grains increased but the soluble

sugar content decreased at the V6 stage and heading stage, the amylopectin and amylose content increased,

while the starch content decreased at maturity . Waterlogging at flowering period or after flowering period can

increase starch content and decrease total protein content , and plants with different genotypes showed different

contents of osmoregulatory factors . Therefore, paying attention to the changes and the internal regulation

mechanism of total protein, sugar, and free proline contents in plants with different genotypes at different stages

under waterlogging conditions is significantly crucial.

The expression of genes involved in osmotic stress can ameliorate plant cell damage caused by osmotic potential

imbalance between plants and the environment. Notably, recent studies have shown that osmotic stress gene

expression was influenced by inhibiting Arabidopsis PLANT U-BOX44 (PUB44) mediated calc-dependent protein

kinase (CPK4) responding to osmotic stress . The overexpression of maize transcription factor ZmNAC2 in

Arabidopsis upregulates the expression of many osmotic stress related genes and plant hormone signaling genes

. Therefore, these genes can serve as target genes for improving osmotic stress resistance in crop breeding.

4. Active Oxygen Scavenging Mechanism of Plants in
Response to Waterlogging Stress

During waterlogging stress, ROS such as hydroxyl radical (OH ), superoxide anion radical (O ), and hydrogen

peroxide (H O ) accumulate excessively, leading to irreversible oxidation of membrane lipids and proteins, and

severely damaging protective barriers of cell membranes and plants . As the product of lipid peroxidation,

MDA is an important physiological index to measure plant tolerance and sensitivity to abiotic stress . MDA can

bind to proteins and enzymes on the cell membrane and denature or inactivate them, thereby destroying the biofilm

structure and function and affecting cell substances metabolism . For example, MDA accumulation leads to an

increase in cell membrane selective permeability and electrolyte exosmosis, further affecting other physiological

and biochemical metabolic activities . In addition, the activities of protective enzymes such as SOD and POD in

plant tissues are increased in response to waterlogging, and plants maintain the normal level of ROS by

coordinating the content of SOD, POD, and catalase (CAT), . Under waterlogging stress, the antioxidant

enzyme activity patterns of different crops vary greatly. For instance, POD activity in cotton first increases and then

decreases with the prolongation of flooding time, while SOD activity first decreases and then increases . The

activities of SOD and CAT in rapeseed leaves decreases first and then increases, while POD activity always

increases with the prolongation of waterlogging time , which suggests that the mechanism of the plant

antioxidant enzyme system is not always same, and there may be different regulatory networks responsible for the

antioxidant enzyme system in response to different types of waterlogging in different plants. In plant cells, the

expression of some antioxidant genes can maintain the redox balance of cells by increasing the enzymatic

antioxidants such as SOD and POD, as well as non-enzymatic antioxidants including ascorbic acid and

glutathione. For example, the induced expression of ethylene response factor BnERF2.4 in Brassica napus is
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involved in regulating the antioxidant system against waterlogging stress . The overexpression of the barley

Phytoglobin 1 (HvPgb1) gene is involved in central carbon metabolism, carbon assimilation, and ethylene

synthesis, thus improving the tolerance of plant roots to waterlogging . The interaction between the CmRCD1

gene and CmSOS1 in chrysanthemums enhances the enzyme activities of SOD, POD, and CAT to regulate the

waterlogging tolerance . Furthermore, exogenous growth regulatory substances application also improve the

antioxidant capacity of flooded crops . The exogenous administration of glutathione (GSH)  and glycine

betaine (GB)  in the field can significantly improve the transcription level and enzyme activity of antioxidant

defense-related genes to reduce oxidative stress. The utilization of gamma-aminobutyric acid (GABA) can activate

the activity of maize antioxidant enzymes, improve the ultrastructure of chloroplasts, enhance photosynthetic

characteristics, and promote the growth of maize seedlings under flooded conditions .

Mitochondria are the main source of ROS in plants under hypoxic conditions. Chang et al.  demonstrated that

mitochondrial electron transport chain (mETC) inhibitors can stimulate mitochondria to produce ROS in Arabidopsis

seedlings. Under hypoxia conditions, damaged mitochondria can significantly destroy the dynamic equilibrium of

cell metabolism, then accumulate excessive ROS and activate hypoxia-inducible factor HIF-1α, to initiate signaling

transduction and regulate mitochondrial autophagy processes. There are many studies on the process of

autophagy induced by hypoxia in animal cells, but few studies on the molecular process of hypoxia-induced

autophagy in plant cells. Meanwhile, the concentration of free Ca  in the cytoplasm under waterlogging is

increased, thus encoding calcium signals to activate NADPH oxidase and produce excessive ROS, which

damages plant cell activity, physiological metabolism, and development .

5. Photosynthetic Signal Transduction in Response to
Waterlogging Stress in Plants

The first response of plants to waterlogging stress is the closure of the leaf stomata. The decrease in gas

exchange rate leads to a decrease in photosynthetic performance, and the reduction in water absorption leads to a

decrease in transpiration . Sucrose and starch are the main end products of photosynthesis in most plants,

while flooding reduces the photosynthesis rate and affects the transportation of photosynthetic products from

source tissues (leaves) to sink tissues (roots). Waterlogging-resistant plants maintain respiration and growth in the

absence of photosynthesis, resulting in the accumulation of more carbohydrates in the roots, while waterlogging-

sensitive plants reduce their demand for sucrose due to the obstruction of phloem transport and lead to more

starch accumulation in the chloroplasts of leaves . Therefore, maintaining low leaf starch concentration, high

root tissue starch concentration, and high photosynthetic rate are important characteristics for plant survival in

submerged environments .

Photochrome is a signal molecule acting as a photoreceptor in response to changes in the ambient light quality and

level that regulates plant metabolic pathways and growth and development . The degradation of phytochrome in

a waterlogged environment is a common feature of plants. Flooding leads to decreased light intensity and the ratio

of red to far-red light (R: FR). The specific transcriptional regulatory factor WRKY6 in Arabidopsis is regulated by

phytochrome and directly combines with the promoter of the senescence-induced receptor-like protein kinase
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(SIRK) gene to induce leaf senescence . This result was confirmed in another literature that WRKY6 positively

regulates leaf senescence by up-regulating the expression of senescence-related gene SAG . The expression of

photopigment-interacting factor-like protein (OsPIL1) in rice under waterlogging was relatively down-regulated

compared with normal light exposure, resulting in a decrease in total chlorophyll (Chl) and Chlb contents, an

increase in Chla/b ratio, and a decrease in light-trapping capacity, leading to a decrease in leaf biomass and grain

yield .

Waterlogging causes stomatal closure and intercellular carbon dioxide cannot be fully absorbed and transformed

by plants. Mitochondrial respiration decreases and the activities of photosynthetic-related proteins in plants are

significantly down-regulated, resulting in the decomposition of photopigments, which directly affects the

photosynthetic rate of plants by disrupting light signal recognition . Moreover, the activities of the key carbon

assimilation enzymes ribulose-1, 5-diphosphate carboxylase (Rubisco), and phosphoenolpyruvate (PEP)

carboxylase decrease, which negatively affect the carbon dioxide assimilation and photosynthesis rate . The

reduction in carbohydrate allocation caused by low photosynthetic performance under waterlogging conditions

leads to poor spike differentiation and development of plants and reduces plant yield and quality . Moreover,

such adverse effects involve different growth stages of plants which increase with the prolongation of waterlogging,

and seedlings are usually more sensitive than older plants . Plants maintain internal ventilation and

photosynthesis of leaves by forming air film. A rice gene LEAF GAS FILM 1 (LGF1/OsHSD1) controls the retention

of air film in leaves to contribute to internal ventilation by regulating the synthesis of primary alcohol under

waterlogging . In addition, the exogenous application of glutathione can protect photosynthetic pigments for

photosynthesis .

6. Changes of Plant Hormone and Signal Molecules-Mediated
Pathways under Waterlogging Stress

Ethylene has been proven to play an important role in controlling rapid hypoxia stress responses and help plants

adapt to hypoxic environments . The ethylene signaling pathway is involved in various cellular reactions during

hypoxia, including enhancing the vitality of apical hypoxic cells, maintaining ROS homeostasis and antioxidant

activity , promoting the callus formation of auxin-induced xylem sheath cells , as well as controlling hypoxia

induction . In plants, cysteine oxidase (PCOs) acts as an oxygen sensor, mediating the abundance of three

ERF-VII protein members . Under hypoxic conditions, PCO cannot oxidize ERF-VII proteins and these proteins

are stabilized and enter the nucleus, activating hypoxic response genes and triggering plant hypoxia response 

. During hypoxia, ethylene regulates protein abundance through transcription. The overexpression of the

Arabidopsis root tip ethylene regulatory proteins PGB1, HUP26, and HUP36 genes can enhance root tip cells’

hypoxia tolerance . Ethylene enhances nitric oxide (NO) scavenger PHYTOGLOBIN1 (PGB1) and inhibits

MetCys2 (MC)-activated ERFVII protein NO-dependent proteolysis through PRT6 N-degron pathway to promote

ERFVII accumulation before hypoxia, and this process is involved in an increase in RAP2.2 and RAP2.12 genes

expression, which allows plants to preadapt to the impending hypoxia . RAP2.2 is an important ethylene

reaction factor, which regulates the alcohol dehydrogenase gene ADH1, pyruvic acid decarboxylase PDC1, and
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ethylene synthesis-related genes to counteract hypoxia stress in Arabidopsis . RAP2.12 affects the direction

of root growth by limiting the flux of IAA from the root tip to the elongation zone . Other ERF factors, including

PhERF2, HvERF2.11, ZmEREB180, and OsSublA, have also been shown to play important roles in waterlogging

tolerance, supporting the important functions of ethylene and related genes in waterlogging tolerance 

. In addition, ethylene promotes the transcription of rice SUB1A and the overexpression of SUB1A enhances the

transcription of ADH1 in transgenic rice, leading to more ATP production . The SUB1A gene also inhibits stem

elongation by increasing the accumulation of DELLA protein SLENDER rice-1 (SLR1) and non-DELLA protein

SLR1-like-1 (SLRL1) and internode elongation by up-regulating the expression of BR biosynthesis genes .

Under submerged conditions, ethylene contributes to promoting branch elongation, aerenchyma formation and

adventitial root growth during submergence by coordinating the biosynthesis and signaling pathways of GA, ABA

and IAA . Rice SD1 protein is a key factor in the gibberellin synthesis pathway and is transcriptionally

activated by ethylene transcription factor OsEIL1a, which mainly catalyzes the biosynthesis of GA and significantly

stimulates internode elongation in deep-water rice under flooding conditions . Flooding leads to the

accumulation of ethylene in the lower part of the stem, resulting in the decrease in the ABA level in the stem and

AR primordium tissues and the induced expression of the auxin polar transporter PIN2, thereby increasing the cell

activity in AR primordium . Under ABA treatment, the overexpression of AdPDC1 in Arabidopsis inhibited seed

germination and root length . Ethylene interception under waterlogging stimulates the transport of auxin to the

submerged part, and the accumulation of auxin in the roots induces the division of meristem cells in AR primordium

and promotes AR production . Notably, flooded tomato plants do not produce AR after being treated with the

auxin transport inhibitor NPA, which confirmed that ethylene-mediated auxin transport is necessary for AR

formation .

Scientists from different geographical regions of the world are actively involved in the use of exogenous nutrients

and plant hormones to make plants tolerant to flood stress. Exogenous plant growth regulators can alleviate

waterlogging stress in many ways, including increasing leaf water content and cell viability, regulating canopy

temperature and stomatal opening, and promoting root detoxification and wound healing . An

exogenous gas hydrogen sulfide (H S) application can enhance the function of endogenous H S in plants, and is

involved in plant responses to waterlogging stress by increasing the expression of alternative oxidase genes and

inducing Ca  influx to activate the expression of intracellular Ca -sensing-related genes . Moreover, the

synergistic application of plant hormones and biochar can enhance the resilience and survival ability of plants

under flood conditions .

7. Energy Metabolism of Plants in Response to Waterlogging
Stress

The process of energy metabolism is closely related to seed germination, and plant development. Previous studies

have shown that hypoxic concentration caused by flooding changes the energy metabolism pattern, and the

aerobic respiration pathways such as tricarboxylic acid cycle (TCA cycle) and oxidative phosphorylation are

damaged. Anaerobic respiration dominates but only provides limited energy for seed germination and plant growth
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under flooding conditions, thus affecting plant growth and the reproduction process. In many submerged plants,

genes involved in β-oxidation and tricarboxylic acid cycles, as well as most genes involved in sucrose to acetyl-

CoA are down-regulated . On the contrary, hypoxia induces up-regulation of ADH and PDC genes related to

ethanol fermentation, resulting in the formation of physiologically toxic substances such as ethanol and

acetaldehyde . The plants’ responses to waterlogging are coordinated by regulating interconnected signal

pathways in different metabolic networks. The upregulated activities of alanine aminotransferase, ubiquitin-

activating enzyme E1, mitogen-activated protein kinase, and pyruvate kinase in waterlogging-resistant maize

indicate that genes involved in protein degradation, signal transduction, and carbon metabolism are involved in the

adaptive mechanisms under waterlogging conditions . PsERF/PsCIPK genes in cherries regulate glucose

metabolism to resist waterlogging stress by enhancing the activities of sucrose synthetase (SUS), α-amylase, ADH,

and PDC in leaves . The overexpression of MaRAP2-4 of Mentha showed enhanced flooding tolerance and

oxidative stress tolerance and regulated the bidirectional sugar transporter AtSWEET10 to meet the sugar supply

of transgenic plants .

Lipids are widely involved in regulating plant responses to hypoxia. The Arabidopsis CoA-binding protein ACBP3 is

involved in plant response to hypoxia by regulating ultra-long chain fatty acids metabolism . The polyunsaturated

long-chain acyl-CoA regulates hypoxic perception in plants by regulating the kinetics of the acyl-CoA-binding

protein-Group VII ethylene reaction factor . In addition, unsaturated ultra-long chain ceramide species protect

plants from hypoxia-induced cell damage by modulating the kinase activity of the assembled triple RESPONSE1 in

the ethylene signaling pathway. Jasmonic acid oxylipin specifically regulates plant response to reoxygenation

stress through the transcriptional regulation of the antioxidant biotin . Hypoxia reduces the membrane barrier

function and induces changes in lipid composition . Phosphatidyl acid (PA) is an important lipid required for plant

growth and development and response to biotic and abiotic stresses. In Arabidopsis, PA regulates plant tolerance

to flooding by regulating membrane integrity and MPK3/6-mediated hypoxia signaling pathway .

8. Nitrogen Uptake and Utilization under Waterlogging Stress

Nitrogen is an essential nutrient for plant growth and development, and nitrogen metabolism has also been proven

to help cells adapt to hypoxic stress. Under waterlogging stress, the assimilation of ammonium nitrogen in rice and

soybean requires less energy than nitrate nitrogen, and the utilization efficiency of ammonium nitrogen is higher

than that of nitrate nitrogen . There is a 30% reduction in ammonium uptake of nitrogen-deficient roots in

AtAMT1 (NH  translocator) Arabidopsis mutant, and the function of these genes showed additive effects .

Evidence show that the accumulation of NO and nitrate/nitrite plays an important and multifaceted role in plant

adaptation to a hypoxic environment, such as morphological changes, hypotonia, mitochondrial structure

protection, ATP production, and ROS clearance . Nitrate fertilization increases NO accumulation and

partially restores ATP levels in submerged plants, while reducing the content of reactive oxygen species and toxic

products such as lactic acid and ethanol . An important mechanism of plant survival in anoxic environments is

the circulation of non-symbiotic hemoglobin and nitric oxide generated by nitrate supply. Nitrate is converted to

nitrite by nitrate reductase (NR) to produce NO in the cytoplasm, and nitrite acts as an electron transport chain
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acceptor in mitochondria to promote proton pumping and ATP production under hypoxic conditions . NO

signaling by nitrite can inhibit CAT and maintain ROS levels under hypoxia conditions, on the other hand, NO

signaling interacts with hypoxia-induced hemoglobin during NADH regeneration cycle to regulate ATP homeostasis

.

NO is involved in plants response to abiotic stress in many ways, including promoting root aerenchyma formation

, ethylene biosynthesis, mitochondrial electron transfer, antioxidant enzyme activity, antioxidant production, and

regulating ROS content . In Arabidopsis, changes in oxygen and nitric oxide (NO) control the stability of

ERFVII transcription factors. ERFVII protein hydrolysis is regulated by the N-degron pathway and mediates

adaptation to flood-induced hypoxia . The application of NO donor sodium nitroprusside on leaves can increase

NO concentration in plant tissues, reduce membrane lipid peroxidation and hypoxia damage caused by

waterlogging, induce the expression of hormone metabolism-related genes, and reduce plant yield loss under

waterlogging . Exogenous spermidine application can maintain the integrity of root cells and the normal

morphology and function of roots . Nitrogen application changed the enzyme activity of nitrogen metabolism

after alternating drought and flood and increased nitrogen accumulation in organs, as well as improving the

microbial environment of rice rhizosphere soil . There is evidence that the increase in rhizosphere anaerobic

microorganisms under flooding may have potential negative effects on plants due to their pathogenic behavior or

soil denitrification capacity . At present, the positive effects of nitrogen application on flooded plant roots are

well known, but the effects of the interaction between hypoxia with carbon and nitrogen metabolism are still not

fully illustrated.
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