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SUMMARY 

               Aerenchyma formation is an important adaptation strategy of plants under the shortage of oxygen due 

to soil flooding as it restricts the respiration of roots in many mesophytes. Aerenchyma consists of a pathway of 

gas conducting tissue that enable the rapid transport of gases between and within, shoots and roots. The formation 

of cortical aerenchyma in roots is thought to occur by either lysigeny or schizogeny.  Gaseous plant hormone, 

Ethylene, rapidly synthesized in roots due to perception of hypoxic condition that accelerate reactive oxygen 

species generation by cells of the mid-cortex region. Initiation of cell death with loss of ions to the surrounding 

cells leads to plasma membrane invagination and small vesicles formation. Condensation of chromatin increases 

the activities of cell wall hydrolytic enzymes that consequently causes cell lysis and absorption of cell contents 

and water by the surrounding cells. So, the involvement of programme cell death in aerenchyma formation and 

ethylene-mediated ROS signaling which aided by anatomical, physiological, and developmental features of 

tolerant genotype under hypoxic condition. 

 

INTRODUCTION 

Flooding or water logging is a complex stress that triggers functional and developmental changes to 

normal plant behavior. Under excess water stress, soil pore space is filled with water which leads to depletion of 

soil oxygen level, limits gas diffusion and soil nutrient emission and subsequently impairs plant growth and 

development.Hypoxia (reduction of oxygen below optimum level) and anoxia (complete absence of 

oxygen)occurs during short and long term flooding respectively whichdeveloped several alterations in 

architecture, metabolism, root respiration, stomatal conductance, photosynthesis, and fermentation pathways in 

roots to cope up with these oxidative stress induced by waterlogging. Among them, aerenchyma formation which 

facilitates gas diffusion between roots and the aerial environment described in several studies (Bouranis et al., 

2003; Colmer et al., 2003 and Voesenek et al., 2006). Flooding induced formation of longitudinal gas spaces are 

found in different plant parts like roots (Joshi and Kumar, 2012), internodes (Steffens et al., 2011) and leaf sheaths 

(Parlanti et al., 2011), stem and petioles (Huber et al., 2009).Flooding is accompanied with a reduction of cellular 

O2 level that is particularly alarming when photosynthesis is limited. This necessitates the production of ATP and 

regeneration of NAD+ through anaerobic respiration.At the developmental level, plants under flooding can escape 

from hypoxic condition through multifaceted alterations in cellular and organ structure that promote diffusion of 

O2. These processes are driven by phytohormones, including ethylene, gibberellin, and abscisic acid. 

 

Physiology of Aerenchyma  
In the year, 1849 enlarged air spaces or lacunae are observed by Schleiden in the root cortex of flowering 

plants that grow in aquatic or wetland environments under hypoxic conditions. Thirty years later Sachs and De 

Bary identified the process of formation of air space i.elysigenous (formed by regulated cortical cell death) and 

schizogenous (involving cell separation during tissue development) (Sachs 1882; De Bary 1884). Both are known 

as primary aerenchyma. Lysigenous aerenchyma formation involves cell death. Cells formed during earlier 

development, die and are ‘removed’, leaving a gas space. Lysigenous aerenchyma is found in many important 

crop species, including barley (Arikado and  Adachi, 1955), wheat (Trought and Drew, 1980), rice ( Justin and  

Armstrong, 1991, Nishiuchi et al., 2012).), and maize (Gunawardena et al ., 2001). On the othe hand, 

Schizogenous aerenchyma is formed by the separation of adjacent files (radial rows) of cortical cells and by 

enlargement of existing intercellular spaces through cell division and differential cell enlargement. It  is usually 

constitutive often complex and well ordered. Secondary aerenchyma differentiates from phellogen, cambium, and 

pericycle in stems, hypocotyls, or roots of some dicots to form a gas-filled and low-resistance pathway for gas 

movement. 

Aerenchyma: A Physiological and Morphological Adaptation of Plants to Hypoxic 

Condition 
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The term ‘aerenchym’ or aerenchyma was used initially by Schenck for these enlarged spaces or 

‘receptacles of air’ in peridermal and cortical tissues (Schenck, 1890).It is the best ventilation system in the 

immersed tissue which could facilitate access to available oxygen sources, such as the relatively oxygen-rich 

floodwater, gas films on submerged leaves, and oxygen produced by underwater photosynthesis.The tissue occurs 

as large longitudinal air spaces or stellate cells and often intersected at regular intervals by thin, transversely 

oriented plates of cells, called diaphragms, typically with intercellular spaces. In the shoots of some species all 

diaphragms are alike; in others, two or three types of diaphragm are produced (Fig 1). The presence of 

aerenchyma, which is continuous from shoots to roots, enhances the diffusion of air from the leaves to the roots 

and enables wetland and waterlogged plants to maintain levels of oxygen sufficient to support respiration. 

Respiring cells consume excess oxygen often diffuses from the roots into the soil atmosphere. This benefits the 

plant by creating a locally aerobic rhizosphere in an anaerobic soil. The mechanisms of schizogenous and 

secondary aerenchyma formation are less well understood than the mechanisms of lysigenous aerenchyma 

formation. In the present article we summarize the process of lysigenous aerenchyma formation that asses the 

physiological basis of long-term avoidance of anoxia under flooded conditions, and improve crop growth and 

yield. 

 

Fig. 1:A. Aerenchyma tissue in the roots of Zea mays, corn [Source: Kramer (1983)],  

B. Diaphragms in a sliced stem, C. Hollow stem in hollyhock Althaea rosea. D. Trans- verse section of 

the owering scape of Allium Schoenoprasum [Source: Sachs (1875)]. 

 

Steps of Aerenchyma Formation  

Under hypoxic condition, roots cannot obtain enough oxygen respiration that’s why metabolism shifted 

towards fermentative process where ethanol and lactic acid are formed. Accumulation of lactic acid cause 

cytoplasmic acidosis which inhibits lactic dehydrogenase. Consequently, fermentation is switched to production 

of ethanol rather than lactate which stimulate synthesis of Aminocyclopropane-1-carboxylate (ACC).ACC is then 

transported to the shoot where oxidative conversion to ethylene takes place.Ethylene that can diffuse into and out 

of plant tissues from both endogenous and exogenous sources plays a major role in hypoxic stress signaling. 

Methionine acts as a precursor of ethylene formation which is converted to S-adenosylmethionine (AdoMet) by 

S adenosylmethionine synthase. AdoMet is then converted to 1-aminocyclopropane-1-carboxylate (ACC) by 

ACC synthase (ACS). ACC oxidase (ACO) generates ethylene by oxidizing ACC in a reaction that also produces 

carbon dioxide (CO2) and hydrogen cyanide (HCN). The plant hormone ethylene is implicated in regulating cell 
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death processes. The role of ethylene as a regulator of lysigenousaerenchyma formation in inducible systems was 

confirmed (Drew et al., 2000; Gunawardena et al., 2001; Colmer et al., 2006).So, Aerenchyma formation can be 

divided into three main stages:  

1 Initiation of ethylene biosynthesis:. Anaerobic roots generate ethylene precursor 1-aminocyclopropane-1-

carboxylic acid (ACC) into xylem sap in large amount for blocking of ACC oxidation to ethylene by the absence 

of oxygen. This promotes a build-up of ACC. Some of this enters the transpiration stream and is drawn in to the 

shoot by transpiration steam as positive message. The second cause is an up-regulation that is Changes in gene 

expression and enzyme levels also enhance the oxidation of ACC on its arrival in the shoot since the ability of 

petioles to oxidase ACC to ethylene increases.  

 

2. Ethylene mediated reactive oxygen species generation by cells of the mid-cortex: Reactive oxygen species 

are another important component in the ethylene-mediated signaling network. The singlet oxygen is 

enzymatically converted to H2O2, which can easily diffuse into the cytosol through the plasma membrane. The 

decrease of ethylene mediated metallothionein expression prevents ROS scavenging, thereby amplifying the 

accumulation of H2O2 produced by NADPH oxidase, which activates the subsequent processes of programmed 

cell death and lysis of the cortical cells (i.e., lysigenous aerenchyma formation) (Steffens and Sauter, 2010). 

 

3. Initiation of cell death with loss of ions to the surrounding cells, initiation of plasma membrane 

invagination, and the formation of small vesicles:. The demise of specific cells in the root cortex by genetically 

programmed cell death is the terminal step in aerenchyma formation (Fig 2, 3, 4). Hallmark features of PCD were 

observed during this process including cytoplasmic changes and plasma membrane invagination, DNA inter 

nucleosomal fragmentation and chromatin condensation, cellular condensation and the presence of 

intact  organelles surrounded by membrane, which resemble apoptotic bodies. Increase activities of cell wall 

hydrolytic enzymes, and the surrounding of organelles by membranes; and  Cell wall breakdown and collapse of 

the entire cell, leaving behind empty air spaces involves ethylene-mediated increases in activities of enzymes, 

such as cellulases, pectinases, and xylanases. 

 

Fig 2. Evaluation of aerenchyma formation in the cortex of seminal roots of wheat cv.  

Bobwhite grown under water depth 3 cm above the soil surface. (A) Root section after 24 h of 

waterlogging, showing the initiation of cell death in the mid cortex. (B) Root section after 48 h of waterlogging, 
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showing the advanced stage of cell death, resulting in the formation of lysigenous aerenchyma (LAe). (Source 

Haque et al., 2010) 

Fig 3. Ethylene triggered reactive oxygen species production which stimulate cortical programmed cell death or 

lysigenous aerenchyma formation. (Source: Steffens and Rasmussen, 2016) 
 

 
Fig. 4. Schematic model of programmed cell death during aerenchyma formation in rice roots. Aerenchyma in rice roots 

form by lysigeny of cortical cells. Hypoxia induced signaling leads to cell enlargement in the mid cortex, followed by 

nuclear disruption and engulfment by vacuole. In later stages, tonoplast disruption and distortion of cellular organelles 
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occur, followed by the loss of plasma-membrane integrity. After these events, cells lose contact with neighboring 

(tangential) cells, and collapse. Once cell collapse begins, the cavity then rapidly expands radially leading to aerenchyma 

formation. (Source Joshi and Kumar, 2012) 

 

CONCLUSION 

Growth and developmental physiology of vascular plant species is disrupted by flood-prone 

environments andconcomitantly adaptive traits of plants enablingat cellular to whole-plant levels tosurvive under 

soil waterlogging and partial submergence. Aerenchyma formation by non apoptotic lysigeny of cortical cells 

provides an ideal model system for examining the initiation of PCD by environmental factors or by the 

phytohormone, ethylene. Furthermore, this critical mechanism allows plants to transport the atmospheric O2 to 

the underground organs to maintain aerobic respiration and to oxidize various reducing compounds in the 

rhizosphere. This article, describes briefly aboutthe involvement of PCD in aerenchyma formation and ethylene-

mediated ROS signaling which aided by anatomical, physiological, and developmental features of tolerant 

genotype under hypoxic condition. 

 

REFERENCES 

Arikado, H and Adachi, Y. (1955). Anatomical and ecological responses of barley and some forage crops to the 

flooding treatment. Bulletin Faculty Agriculture, Mie University Tsu Mie 11: 1–29. 

Bouranis, D. L., Chorianopoulou, S. N., Siyiannis, V. F., Protonotarios, V. E. and Hawkesford, M. J. (2003). 

Aerenchyma formation in roots of maize during sulphate starvation. Planta, 217: 382–391. 

Colmer, T. D. (2003). Aerenchyma and an inducible barrier to radial oxygen loss facilitate root aeration in upland, 

paddy and deep-water rice (Oryza sativa L.). Annals of Botany, 91:301–309 

Colmer, T. D., Cox, M. C. H. and Voesenek, L. A. C. J. (2006). Root aeration in rice (Oryza sativa): evaluation 

of oxygen, carbon dioxide, and ethylene as possible regulators of root acclimatizations. New Phytologist, 

170: 767–778. 

De Bary, A. (1884).Comparative anatomy of the vegetative organs of phanerogams and ferns. Oxford University 

Press, UK 

Drew, M. C., He, C. J. and Morgan, P. W. (2000). Programmed cell death and aerenchyma formation in roots. 

Trends Plant Sci, 5:123–127 

Gunawardena, A. H. L. A. N., Pearce, D. M., Jackson, M. B., Hawes, C. R. and Evans, D. E. 

(2001).Characterization of programmed cell death during aerenchyma formation induced by ethylene or 

hypoxia in roots of maize (Zea mays L.).Planta, 212:205-214. 

Haque, M. E, Abe, F. and  Kawaguchi, K. (2010). Formation and extension of lysigenous aerenchyma in seminal 

root cortex of spring wheat (Triticum aestivum cv. Bobwhite line SH 98 26) seedlings under different 

strengths of waterlogging. Plant Root 4:31-39.  

Huber, H., Jacobs, E. and Visser, E. J. W. (2009).Variation in flooding-induced morphological traits in natural 

populations of white clover (Trifolium repens) and their effects on plant performance during soil 

flooding. Annals of Botany. 103:377–386. 

Joshi, R and Kumar, P. (2012).  Lysigenous aerenchyma formation involves non-apoptotic programmed cell death 

in rice (Oryza sativa L.) roots. Physiol Mol Biol Plants, 18(1):1–9 

Joshi, R., and Kumar, P. (2012). Lysigenous aerenchyma formation involves non-apoptotic programmed cell 

death in rice (Oryza sativa L.) roots. Physiol. Mol. Biol. Pla. 18, 1–9.  

Justin, S and Armstrong, W. (1991). Evidence for the involvement of ethene in aerenchyma formation in 

adventitious roots of rice (Oryza sativa). New Phytologist 118: 49–62. 

Kramer, P. J. (1983).  Water Relations of Plants (Academic Press, Inc. Orlando, FL., 1983). 

Nishiuchi, S., Yamauchi, T., Takahashi, H., Kotula, L., Nakazono, M., (2012). Mechanisms for coping with 

submergence and waterlogging in rice. Rice 5, 2. 

Parlanti, S., Kudahettige, N. P., Lombardi, L., Mensuali-Sodi, A., Alpi, A., Perata, P. (2011). Distinct mechanisms 

for aerenchyma formation in leaf sheaths of rice genotypes displaying a quiescence or escape strategy 

for flooding tolerance. Ann. Bot. 107: 1335–1343.  

http://www.agricosemagazine.com/


  AgriCos e-Newsletter (ISSN: 2582-7049)                                            01 (07) November 2020 

  www.agricosemagazine.com                                                                                                    13 

Sachs, J. (1875).  Text-book of botany, morphological and physiological (Clarendon, Oxford, 1875). 

Sachs, J. A. (1882) A text book of botany. Oxford University Press, UK 

Schenck, H. (1890). Ueber das Aërenchym, ein dem Kork homologes Gewebe bei Sumpfpflanzen. Jahrb. Wiss. 

Bot. 20: 526-574. 

Schleiden, J. M. (1849). Principles of scientific botany. (Translation by Lankaster E, 1849). London: Longman, 

Brown, Green, and Longmans 

Steffens, B and Rasmussen, A. (2016).The Physiology of Adventitious Roots. Plant Physiology, 6 (170): 603–

617. 

Steffens, B. and Sauter, M. (2010). G proteins as regulators in ethylene– mediated hypoxia signaling. Plant 

Signaling and Behavior, 5:375-378. 

Steffens, B., Geske, T., and Sauter, M. (2011). Aerenchyma formation in the rice stem and its promotion by 

H2O2. New Phytol. 190. 

Trought, M. C. T. and Drew, M. C. (1980). The development of waterlogging damage in young wheat plants in 

anaerobic solution cultures. Journal of Experimental Botany 31: 1573–1580. 

Voesenek, L. A. C. J., Colmer, T. D., Pierik, R., Millenaar, F. F. and Peeters, A. J. M. (2006). How plants cope 

with complete submergence. New Phytologist, 170:213–226. 

http://www.agricosemagazine.com/

