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Pre f ace  

 

Plant anaerobic stress, i.e. plant life under deficiency (hypoxia) 

or total absence (anoxia) of molecular oxygen in the environment, is 

a widespread phenomenon in our planet, which causes considerable 

ecologic and economic damage to many countries in the world. 

 Despite extreme urgency of the problem, fundamental and 

applied researches in plant hypoxia and anoxia in contrast to the 

other plant environmental stresses (high and low temperatures, 

water and salinity stresses, biotic stresses), have been started rather 

recently. Nevertheless, during the recent decades a considerable 

progress has been achieved in this field of science. Numerous 

international symposia and conferences on plant hypoxia and anoxia 

were held. International Society for Plant Anaerobiosis (ISPA) 

played an essential role in organization of these meetings. During 

the last decades thanks to ISPA member initiatives a number of 

monographs and special issues of international journals on the plant 

anaerobic stress were published. This resulted in marked rise of the 

interest of the international scientific community in this problem. 
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The research in anaerobic stress has been rapidly developed in 

numerous scientific centers and universities of the world. Now plant 

anaerobic stress is regarded as a novel avenue of research in field of 

environmental biology. 

Furthermore, attained advances in the field of fundamental 

science, i.e. environmental biology, served as the groundwork for a 

number of successful studies in biotechnology aimed on creation of 

plant cells and also the whole plants tolerant to hypoxia and anoxia. 

First results of these studies in biotechnology achieved due to the 

use of the methods of in vitro cell selection and gene technologies 

are the evidence of the establishment of novel line of research in 

biotechnology, as well. 

 In this monograph based on a number reviews, which were 

published mainly by ISPA leading members, the attempt is made to 

present the evolution and establishment of novel field in both 

fundamental and applied sciences. 
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The International Society for Plant Anaerobiosis (ISPA) was 
founded to promote and coordinate research on higher plant 
responses to hypoxic and anoxic stresses. The original goal of 
the Society was to organize regular meetings and discussions 
between scientists involved in this research and to encourage 
publication of monographs and papers in periodicals on plant life 
under low-oxygen stress conditions. 

The activities of ISPA members commenced immediately 
following the First International Symposium on Plant 
Anaerobiosis held within the framework of the XII Interna-
tional Botanical Congress in Leningrad (St. Petersburg) in 
1975, although the ISPA itself was formally established 
somewhat later. In the 1970s so few researchers were in-
volved in studies on higher plant anaerobic stress that it was not 
easy to organize a special symposium dedicated to this specific 
topic. Even when a core of several key speakers was finally 
assembled, we still faced the equally difficult task of 
persuading the principal organizers of the International 
Congress to dedicate a special symposium to this subject. It 
was not easy for them to agree, because no previous 
international congresses, conferences or symposia, on botany, 
biochemistry, or agriculture, had paid particular attention to 
this topic, and no books devoted to the subject of plant 
anaerobic stress had yet been published. Thanks to Academician 
A.L. Kursanov, a vice-president of the XII International 
Botanical Congress, who backed the appeal to the Congress, 
the symposium on anaerobic stress was finally added to the 
scientific programme of the Congress. As a result, several 
invited researchers in this field, including R.M.M. Crawford 
and W. Armstrong (UK), A. Pradet (France), H. Tsuji 
(Japan), S. Leblova (Czechoslovakia at that time), D.D. Hook 
(USA) met for the first time and took part in the symposium. 

After a successful symposium at a final evening party 
held in "Astoria" hotel restaurant, the idea was advanced to 
publish the proceedings of the symposium as a book. The 
participants enthusiastically welcomed this proposal. Based on 
the symposium papers, the first book was published on higher 
plant life under anaerobic stress in the USA (Hook and 
Crawford 1978). The book met with much interest from the 
scientific community, as reflected by numerous reviews published 
in leading international journals, such as Science, New 
Phytologist, and the Journal of Applied Ecology. The first 
edition of the book soon sold out, and a second printing 
appeared in 1980. As mentioned in a later monograph on plant 
anaerobic stress Plant Life under Oxygen Deprivation (Jackson, 
Davies, Lambers 1991), the Hook and Crawford volume had 
been "without doubt, a most influential publication and 
inspiration for much subsequent research". 

This first symposium and the first book edited by D. 
Hook and R. Crawford on plant anaerobic stress helped to 
unite the small group of researchers already active in this field  
to  promote  the  development of new research groups and 

centres involved in the study of plant hypoxic and anoxic 
stresses. Close international contacts were now established 
between researchers that resulted in joint studies and 
publications. In this way, the first symposium and the first 
book on plant anaerobic stress became the basis for the 
foundation both of a new scientific society (ISPA) that was 
officially established by the members of the Second International 
Symposium that took place in Moscow in 1985 and provided a 
platform for a new scientific discipline embracing plant life 
under hypoxic and anoxic stresses. The Society's published a 
regular newsletter. 

Fifteen international symposia and conferences were 
subsequently initiated by ISPA members on a regular basis in 
various countries, sometimes under the aegis or financial support 
of UNESCO, NATO or Green Cross (Table 1). The level of 
participation in these meetings increased notably over time 
with the Second International Symposium on anaerobic stress 
(held in Moscow in 1985 and funded by UNESCO) 
attracting several times more researchers than did the first 
symposium in 1975. Subsequent ISPA conferences in Finland 
(1995), Netherlands (2001) and in Australia (2004) brought 
together almost a hundred delegates from Europe, Asia, 
Australia, and North America. In addition to these international 
meetings, many hundreds of scientific papers have vividly 
illustrated the growing interest in the phenomenon of plant 
anoxic and hypoxic stresses and related topics connected 
with flooding and submergence. Thanks to the efforts of 
ISPA members, numerous influential monographs and 
collections of papers have now been published on these topics 
(Table 2). A special chapter dedicated to plant anaerobic stress 
was included in volume 2 of The Biochemistry of Plants 
(Davies 1980) followed by a chapter in the Encyclopaedia of 
Plant Physiology (Crawford 1982). The importance of studies on 
plant aeration problems was thus becoming recognized in basic 
plant biology and in applied agronomy and forestry with both 
economic and ecological dimensions of this problem being 
increasingly acknowledged. The subject of plant anaerobiosis 
has been included in the scientific programmes of International 
Conferences including "Rice Production on Acid Soils of the 
Tropics" (1989, Sri Lanka), the First International Crop Science 
Congress (1992, USA), and the International Botanical Con-
gresses in Yokohama, Japan (1993) and St Louis, USA 
(1999). Other notable conferences included the 1993 meeting 
of the Royal Society of Edinburgh in St Andrews, Scotland 
(see Crawford et al. 1994) and the 1998 Annual Meeting of 
the American Society of Agronomy/Crop Science/ Soil 
Science held in Minneapolis. ISPA members either organized 
these sessions or participated in them as invited speakers. The 
papers presented at more recent meetings have been regularly 
edited by Professor Jackson, the present President of ISPA, and 
published in special issues of the Annals of Botany. 
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Table 1. International symposia and conferences organized by ISPA members. 

 
Year Country Organizers 

1975 USSR (XII IBC*) B.B. Vartapetian 
1985 USSR (UNESCO) B.B. Vartapetian 
1985 United Kingdom R.M.M. Crawford 
1986 United States D.D. Hook 
1987 Switzerland R. Brändle 
1992 Iceland (UNESCO) B.E. Gudleifsson 
1992 United Kingdom (NATO) M.B. Jackson, C.R. Black 
1993 Japan (XV IBC*) M.B. Jackson 
1994 United Kingdom R.M.M. Crawford 
1995 Finland S. Pulli, B.V. Fagerstedt 
1995 United Kingdom M.B. Jackson 
1998 USA T.T. VanToai 
1999 USA (XVI IBC*) J.L. Seago, W. Armstrong 
2001 The Netherlands - (Green 

Cross) 
A.C.J. Voesenek, E.J.W. Visser, 
M.B. Jackson, C.W.P.M. Blom 

2004 Australia T.D. Colmer, H. Greenway,  
T.L. Setter 

2007 Japan K. Ishizawa  

*International Botanical Congress 

Table 2. Monographs and collected papers on plant hypoxic and anoxic stresses, 

edited and published by ISPA members. 

 
Year Title, Publishing house Editors 

1978, 
1980 

Plant Life in Anaerobic 
Environments ,Ann Arbor Science, 
Michigan (1st, 2nd Editions) 

D.D. Hook, R.M.M. 
Crawford  

1987 Plant Life in Aquatic and 
Amphibious Habitats, Blackwell, 
Oxford 

R.M.M. Crawford 

1988 The Ecology and Management of 
Wetlands, Croom Helm, London 

D.D. Hook et al. 

1991 Plant Life under Oxygen 
Deprivation, SPB Academic, The 
Hague 

M.B. Jackson, D.D. Davies, 
H. Lambers 

1993 Interacting Stresses on Plants in a 
Changing Climate, NATO ASI series, 
Springer-Verlag, Berlin 

M.B. Jackson, C.R. Black 

1994 Oxygen and Environmental Stress in 
Plants, Proceedings of the Royal 
Society, Series B 102, Edinburgh 

R.M.M. Crawford, G.A.F. 
Hendry, B.A. Goodman 

1994 Special Section of Annals of Botany 
v. 74 

M.B. Jackson 

1997 Special Issue of Annals of Botany 
v.79  

M.B. Jackson 

2002 Special Section of Annals of Botany  
v.90  

N. Smirnoff 

2003 Special Issue of Annals of Botany   
v.91  

E. Visser, L.A.C.J. 
Voesenek, M.B. Jackson 

2003 Special Issue of Russian Journal of 
Plant Physiology v.50 

B.B. Vartapetian 

2005 Special Issue of Annals of Botany   
v.96  

M.B. Jackson 

 
Today, a comparison of the 1978 Hook and Crawford 

monograph with papers from prominent research teams 
published in special issues of Annals of Botany (2003 and 
2005) and the Russian Journal of Plant Physiology (2003) 
gives a clear indication of the evolution and progress that has 
taken place in intervening 25-30 years. While earlier studies 
were mainly focused on the ecological, physiological, and 
biochemical aspects of plant anaerobic stress, the current 
studies have actively involved also molecular biology and 
molecular genetics. Such experimental studies exploit the now 
widely accepted concept of two principal strategies of plant 
adaptation to anaerobic stress (Vartapetian 1978), namely, 
adaptation at the molecular level, when in the case of the 
absence or deficiency of oxygen, cell metabolism is 
fundamentally rearranged (true tolerance) and, adaptation at 
the whole-plant level due to oxygen transport from the aerated 
parts into the organs (roots, rhizomes) localized in the anoxic 
medium, that is, the strategy of avoidance of the anaerobic 
conditions or  apparent tolerance. 

 
 

 
 

Although many biochemical processes are radically re-
arranged in these responses to hypoxia and anoxia, it is now 
widely accepted that energy metabolism, controlled and 
regulated at transcriptional, translational and post-translational 
levels resulting in selective synthesis of anaerobic stress 
proteins (mainly enzymes of fermentation and related 
processes of carbohydrate metabolism as well as aerenchyma 
formation) have key role in plant metabolic adaptation to the 
anaerobic environment. 

The study of plant anaerobiosis has made remarkable 
advances on two fronts. On one hand, the ecological aspects of 
anaerobiosis are now better understood and shown to present 
problems that differ in their nature from those encountered in 
relation avoiding anoxic injury in crop plants. Ecologically, the 
nature of anoxia-tolerance is largely seasonal and often 
prolonged. It also takes place at a time of year, and under 
conditions where plastic growth responses are unable to provide 
avoidance mechanisms. The most extreme example is 
encountered in the Arctic where encasement in ice can deprive 
the native vegetation of access to oxygen for up to eight months 
in the year. With current global warming trends this danger is 
increasing as more frequent periods of warm weather at high 
latitudes result in rain falling on the frozen tundra which then 
turns to ice which prevents all access to oxygen. 

The adaptations for prolonged periods of flooding or ice-
encasement outside the growing season depend on the down-
regulation of metabolism, coupled with a robust metabolic 
defense with anti-oxidants against post anoxic injury, to prevent 
tissue-damage when water tables fall and ice melts in the 
spring. By contrast, flooding during the growing season for 
crop plants is usually episodic, of limited duration, and takes 
place at a time when plants grow, and therefore have the 
capacity to respond both morphologically and physiologically 
to oxygen-deprivation (Crawford 2003). 

Biotechnologists working with crop plants therefore pursue 
a different range of adaptations from those explored by 
physiological ecologists working with natural vegetation. In 
crop research attempts are now being made to create plants 
more tolerant to anaerobiosis by genetic engineering and clonal 
selection of tolerant cell lines in vitro in order to regenerate 
plants tolerant to soil anaerobiosis. Current studies of plant 
anaerobiosis employ the large inventory of modern physical 
and chemical methods and technologies. Members of ISPA 
who organized or participated actively during past decades, 
both in regularly arranged symposia and conferences of 
Society, and in publications of the papers in monographs, and 
special issues of periodic journals, have played an important 
role in establishing and consolidating this branch of science. 

Thus, the labours and efforts of the older generation of 
researchers on plant anaerobiosis laid a solid basis for a new 
scientificfic discipline. The thirty years' activity of ISPA 
members have been instrumental in attracting the attention of 
the international scientific community to the issue of plant life 
under poorly aerated conditions. It is mainly thanks to ISPA 
members' activities that new laboratories and scientific centres 
became engaged in studies of the ecological, physiological, 
biochemical, molecular biological, and molecular genetic 
aspects of the phenomenon of plant anaerobic stress have 
sprung-up across the World. We feel justified in maintaining 
that, in addition to traditional branches of ecological physiology 
and biochemistry, embracing drought, cold, heat, saline and 
biotic stress factors, a new independent avenue for study of 
plants under low-oxygen stress has appeared and gained 
international recognition. An honourable task for the new 
generation of researchers of plant anaerobiosis is to receive the 
relay baton from the hands of their elders and move forward to 
clarify, the molecular mechanisms of plant damage and 
adaptation under hypoxic and anoxic conditions. The 
elucidation of basic processes underlying plant responses to 
anoxia, an issue currently involving research teams in many 
countries, would help in taking the next step of creating crop 
plants with the potential to tolerate to anaerobic stress and 
protect the environment. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Founder members of ISPA from left to right: Professors Robert Crawford, Boris Vartapetian, and William Armstrong. Photograph taken         

at the ISPA meeting in Nijmegen (Netherlands) in 2001. 
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REVIEW 
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Inundation that gives rise to soil flooding, or more complete submergence, is the most common environmental cause 

of oxygen deprivation for vascular plants. Species differ considerably in their susceptibility to the stress. Tolerance 

can vary from only a few hours to many days or weeks depending on species, the organs directly affected, stage of 
development, and external conditions such as temperature. Mechanisms that underlie short - and long-term tolerance 

to external anaerobic conditions are reviewed. For roots, these include metabolic adaptations such as avoidance of 

self poisoning and cytoplasmic acidosis, maintenance of adequate supplies of energy and sugar, modifications to gene 
expression and metabolic acclimation to tissue anoxia by previous exposure to partial oxygen shortage. Morphological 

escape mechanisms based on aerenchyma development and internal aeration pathways are emphasised. Shoots are 

often less susceptible to oxygen deficiency than roots. Their mechanisms of tolerance can include metabolic 
adaptations and developmentally passive tolerance such as that seen in overwintering rhizomes of many wetland 

species. Escape mechanisms for shoots are based on active and, sometimes, increasingly rapid shoot extension in the 

presence or absence of oxygen, and formation of replacement roots through adventitious rooting at the shoot base. 

Systemic signalling between roots and shoots integrates root and shoot physiology and limits indirect damage to shoot 
tissues by soil flooding. The review is completed by an assessment of prospects for future research. 

Key words: Adaptation, anaerobiosis, environmental stress, flooding, submergence, energy metabolism, plant 

hormones, review. 

INTRODUCTION 

Higher plants are aerobes and depend upon a supply of 
molecular oxygen from their environment to support 
respiration and various other life-sustaining oxidations and 
oxygenation reactions. Without free oxygen most actively 
growing plants are unable to survive as individuals for more 
than a few hours or days and cannot develop sufficiently to 
reproduce either sexually or asexually. Accordingly, plants 
are endowed with anatomical and morphological features, 
such as numerous stomata, large surface to volume ratios 
and interconnected intercellular spaces that facilitate the 
entry and distribution of atmospheric oxygen. A plant's 
own photosynthesis can also supply some of its oxygen 
requirements during daytime. Despite these features, access 
to oxygen is often inhibited by environmental circumstances 
that restrict aeration of part or all of the plant (Hook and 
Crawford, 1978; Jackson, Davies and Lambers, 1991). 
When this occurs, the resulting tissue hypoxia or anoxia 
inevitably suppresses oxygen-dependant pathways especially 
the energy-generating system, disturbs functional relation-
ships between organs such as roots and shoots, and 
suppresses both carbon assimilation and photosynthate 
utilization. Oxygen shortage most frequently affects roots, 
seeds or other underground organs directly because their 
soil  environment  is especially  prone to  water saturation  that 

* For correspondence  

 

excludes oxygen; water in the soil pores impeding gas 
exchange because of the very small diffusion coefficient of 
oxygen in water compared to that in a gas phase (Armstrong, 
1979). Shoot systems are damaged indirectly by soil 
waterlogging because the stress causes losses in root 
functions upon which shoots depend. Of course, when water 
levels rise above soil level or when perennating organs or 
germinating seeds, buried in anaerobic soil, begin to grow, 
shoots can also suffer directly from oxygen shortage, and 
other problems of poor aeration such as slow CO2 influx 
(Setter, Greenway and Kupkanchanakul, 1989). 

Since excessively wet soils are common in large areas of 
the world, poor soil aeration is an important practical 
problem facing both agriculture and forestry. Acute hypoxia 
is experienced in northerly latitudes by crops and perennial 
species during winter periods as well as in spring and 
autumn. In the most northerly regions, ice crusts may seal 
plant and soil surfaces making them impervious to the 
diffusion of oxygen. Hypoxia or anoxia of the roots may 
also occur in warmer and drier regions where fields are 
periodically flooded for irrigation; the applied water 
displacing air present in the soil while the remaining and 
relatively small store of dissolved oxygen is rapidly utilized 
by microflora and plant roots. These respire  rapidly  in the 
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TABLE 1. Possible causes of plant injury by hypoxia and anoxia, and mechanisms of adaptation  

Causes of injury Mechanisms of adaptation References 

Self-poisoning by 

fermentation end-products 
(ethanol) 

High sensitivity of plant root 
cells to oxygen deficiency 

Cytoplasmic acidosis 

Energy starvation 

Post-anoxic damage from 

free radicals 

Impedance to the supply of 
water, inorganic minerals 

and hormones from 

damaged roots to shoots 

Avoidance of fermentation end 

product (ethanol) 
accumulation 

Avoidance of root anaerobiosis 

by oxygen translocation from 
shoots. Aerenchyma 

formation. Fast under-water 
elongation. Adventitious 

rooting. 

Avoidance of cytoplasmic 
acidosis 

Avoidance of energy starvation 

by efficient substrate provision 
and ATP production 

Detoxification of free radicals 

Modifying root—shoot 

relationships to decrease shoot 
damage caused by injured 

roots 

McManmon and Crawford, 1971; 

Crawford, 1978. 

Vartepetian et al., 1970; Vartapetian, 

1973; Webb and Armstrong, 1983; Ap Rees 
and Wilson, 1984; Armstrong et al., 1991b; 

McPherson, 1939; Musgrave et al., 

1972; Jackson and Drew, 1984. 

Davies et al., 1974; Davies, 1980; Roberts 

et al., 1982, 1984a, b, 1985. 

Vartapetian et al., 1976, 1978a; Saglio et 
al., 1980, 1988; Andrews and Pomeroy, 

1981, 1983; Mocquot et al., 1981; Webb 

and Armstrong, 1983; Johnson et al., 

1989, 1994; Waters et al., 1991; Perata 

et al., 1992a, b, 1993; Sachs, 1993; 

Subbaiah et al., 1994; Vartapetian and 
Poljakova, 1994; Xia et al., 1995. 

Monk et al., 1987; Crawford, Hendry and 

Goodman, 1994; Pfister-Sieber and 
Brandle, 1994. 

Kramer and Jackson, 1954; Jackson and 
Drew, 1984; Drew, 1991; Jackson, 1993. 

 
warm temperatures to generate anaerobic conditions in the 

root zone within a short time. For completeness, it should 

be mentioned that large quantities of stored fruits and 

vegetables are vulnerable to injury from slow gas exchange. 

Storage under conditions where gas concentrations are 

uncontrolled, and also in sophisticated controlled atmos-

phere gas stores, may result in tissue anaerobiosis that can 

damage valuable produce (Knee, 1991). This arises, in part, 

from the small surface to volume ratios of many fruit, the 

long internal diffusion pathways from the outer surface to 

the centre of fruits such as apples, a high water content, and 

in tomato, a gas impermeable skin that restricts aeration to 

the calyx (de Vries et al., 1995). In addition, it is noteworthy 

that rice, one of the most important crops in world 

agriculture and main source of nutrition for half of 

humanity, is cultivated predominantly on flooded, anaerobic 

soils (Swaminathan, 1993). However, even rice is by no 

means impervious to damage from poor aeration (Setter et 

al., 1989), and this is a serious practical problem in the 

rainfed lowlands of Asia (Zeigler and Puckridge, 1995). 

Thus, from these perspectives, anaerobic stress is seen to 

cause severe economic losses in many regions of the World. 

This is one reason why, during the last two decades, much 

research has dealt with the possible causes of death in 

anoxic cells. These include: (a) self-poisoning by ethanol 

formed by alcoholic fermentation (b) cytoplasmic acidosis, 

(c) insufficient energy generation (ATP) to sustain cell 

integrity (d) death from metabolic lesions caused by the re-

entry of oxygen after a period without oxygen. Also to be 

recognised are the injurious effects to the above-ground 

shoot system that result from waterlogging of soil and the 

attendant restricted oxygen supply to the roots. These  

 

include impedance to the supply of water, inorganic minerals 

and hormones from the damaged roots to above-ground 

parts (Table 1). 

Despite these deprivations and metabolic or physiological 

disturbances, some species are able to grow or survive for 

limited periods with some or all of their organs in totally 

oxygen-free surroundings; this ability sometimes being 

enhanced, in roots, by prior exposure to partial oxygen 

shortage (Andrews and Pomeroy, 1981, 1983; Saglio, Drew 

and Pradet, 1988). A range of wetland, aquatic and 

amphibious plants can also survive for months with their 

roots in flooded soil or being submerged more completely; 

conditions in which the majority of species die. Clearly, 

mechanisms exist that confer and extend tolerance to anoxia 

or allow adaptation and acclimation to take place [see 

Begon, Harper and Townsend (1986) for definitions of these 

terms]. Paradoxically, roots often differ from shoots in 

being less tolerant of oxygen shortage, while commonly 

experiencing oxygen shortage more often through soil 

flooding. Therefore, in the discussion that follows, the 

two parts of the plant are treated separately. There is a 

final section on root—shoot relationships that re-integrate 

activities of both parts of the plant during flooding. 

M E T A B O L I C  A N D  M O R P H O L O G I C A L   

ADAPTATIONS IN ROOTS 

Avoidance of self-poisoning 

The first metabolic theory of plant adaptation and injury to  

anaerobic environments was advanced by Crawford  

(McManmon and Crawford, 1971; Crawford, 1978) to  
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explain marked differences between species in tolerance to 
anaerobiosis. It was elegant, simple and founded on 
comparative studies of root metabolism of flooding tolerant 
and intolerant species. However, subsequent research 
revealed shortcomings. These have been reviewed 
thoroughly elsewhere (Jackson and Drew, 1984) but will be 
assessed here, albeit briefly, because the theory remains 
well-known and widely quoted. There were two principal 
tenets of the Crawford hypothesis. Firstly, the roots of 
flooding tolerant species are much more resistant to 
anaerobiosis within their tissues than are those of species 
readily damaged by soil flooding. It was proposed that this 
difference is based on fundemental differences in energy 
generating biochemical pathways. This view was in accord 
with the finding of Soldatenkov and Chirkova (1963) 
showing that detached roots of dryland species (Phaseolus 
vulgaris, Lycopersicon esculentum, Solanum tubersosum) died 
more quickly in anaerobic conditions than detached roots of 
certain wetland species (Scirpus sylvaticus and Glyceria 
aquatica). The second tenet of the Crawford hypothesis was 
that the cause of death to roots of sensitive species is self-
poisoning by ethanol, the end-product of alcoholic fer-
mentation; flooding-tolerant roots surviving longer without 
oxygen because they form less ethanol than their flooding-
sensitive counterparts. Thus, slowing down of ethanolic 
fermentation, or its deviation from ethanol formation into 
less toxic compounds, such as malate, was proposed as the 
biochemical basis for adaptation and survival. Conversely, 
accelerated fermentation, favouring the accumulation of 
toxic ethanol, was thought to characterize species that are 
susceptible to injury from soil waterlogging since this would 
hasten root death. These ideas were accepted and supported 
by a number of authors (e.g. Marshall, Broue and Pryor, 
1973; Francis, Devitt and Steele, 1974; Chirkova, 1978; 
Larcher, 1980; Levitt, 1980; Moore, 1982). However, they 
have proved incompatible with the bulk of more recent 
research. Problems include the simple observation that 
growing roots of even the most flooding-tolerant species are 
highly susceptible to lack of oxygen (Vartapetian et al., 1970; 
Vartapetian, 1973; Webb and Armstrong, 1983; Ap Rees 
and Wilson, 1984; Ap Rees et al., 1987). A second 
difficulty is the absence of ATP production by the malate 
pathway proposed as a less damaging alternative to 
ethanolic fermentation (Davies, 1980). In addition, ethanol 
does not posses high phytotoxicity at concentrations likely 
to be present in flooded plants (Jackson, Herman, 
Goodenough, 1982; Crawford and Vartapetian, 1984; Alpi, 
Perata and Beevers, 1985). An exception may be in gas-
phase conditions, where outward leakage is minimized. 
Here, ethanol may build up to levels that are injurious on 
oxygen re-entry, especially if CO2 is also present in large 
amounts (Crawford, Monk and Zochowski, 1987). Recent 
in vitro tests have shown that growth of Helianthus tuberosus 
tuber slices, α-amylase production in barley seeds, and 
somatic embryogenesis carrot cell cultures are responsive to 
ethanol at levels which could be expected in plants tissues 
(Perata et al., 1992a, b). However, cell death was not 
observed and the effects are attributable to conversion of 
ethanol to acetaldehyde (Perata and Alpi, 1991). A further 
difficulty with the Crawford metabolic theory is the lack of 

convincing evidence that malate is synthesized in preference 
to ethanol in flooding-tolerant species (Smith and Ap Rees, 
1979; Davies, 1980, but see Joly, 1994). Furthermore, roots 
from the most flooding-intolerant Rumex species, form the 
least ethanol (Voesenek et al., 1993a). 

We now recognize that roots cannot survive anaerobic 
conditions for more than a short time at warm temperatures 
even in flooding-tolerant species (Vartapetian, 1973). Their 
anaerobic energy metabolism, powers of acclimation or 
sources of respirable substrates are quantifiable but in-
adequate to explain how roots survive anoxia for more than 
a few hours. Nevertheless, many workers have recognized 
that a demonstrable but limited anoxia-tolerance of roots 
does exist, has relevance to the survival of short-term 
flooding and is thus worthy of examination (Drew et al., 
1994). In contrast, other laboratories have turned away 
from metabolic explanations and concentrated instead upon 
escape strategies based on morphological responses by roots 
to soil waterlogging and submergence (Jackson, 1990). 
These two very different approaches will now be discussed 
in more detail. 

Avoidance of cytoplasmic acidosis 

This concept has its origins in studies by Davies, Grego 
and Kenworth (1974) on the accumulation of lactate and 
ethanol in cell-free extracts of pea seeds. According to 
Davies (1980), transient lactate fermentation acidifies the 
cytoplasm at the start of anaerobiosis thereby triggering the 
functioning of pyruvate decarboxylase (PDC) thus swinging 
fermentation away from acidic lactate and into neutral 
ethanol. Using 

13
C and 

31
P in vivo nuclear magnetic 

resonance spectroscopy (NMR) Roberts et al. (1982) 
demonstrated that excised maize root tips transferred from 
aerobic into oxygen-free conditions displayed transient 
acidosis of the cytoplasm within 20 min. This is thought to 
be, in part, a result of lactate dehydrogenase (LDH) activity 
and accumulation of lactic acid. This transient acidification 
of cytoplasm may then suppress LDH activity but enhance 
that of PDC; the resulting swing away from lactate to 
ethanol production halting acidification before it becomes 
damaging. The essence of this biochemical ' pH stat ' model 
has recently been substantiated by Fox, McCallan and 
Ratcliffe (1995) using a permeant weak base to adjust 
cellular acidity. 

According to Roberts and co-workers, plants able to 
switch quickly to ethanol fermentation, thus preventing 
injurious lactate-based cytoplasmic acidosis are more 
resistant to anaerobic stress. Where maize roots were (a) 
supplied with CO2 (b) deprived of nitrate, (c) were mutants 
with greatly reduced levels of ADH, root tips died more 
quickly in association with earlier acidosis (Roberts et al., 
1982, 1984a, b; Roberts, Andrade and Anderson, 1985). 
Menegus et al. (1991) compared intracellular pH of wheat and 
rice using in vivo 

31
P NMR and found the former acidified 

much more extensively than rice, in accordance with its 
greater intolerance of anoxia during germination. 

Certain other findings give only limited support to the 
link between lactate production, decreased cytoplasmic pH 
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and anoxic cell death. In particular, Xia and Saglio (1992) 

failed to observe a cessation of lactate production in maize 

root tips when ethanol production began after several 

minutes of anoxia, while others see ethanol and lactate 

increase simultaneously (Smith and Ap Rees, 1979; Fan, 

Higashi and Lane, 1986; Menegus et al., 1991). In barley 

roots, lactate fermentation is not transient in the beginning 

of anaerobic treatment but it continues for up to 4 d 

(Hoffman, Bent and Hanson, 1986), while in maize roots, 

the timing of pH decrease was found to coincide closely with 

nucleotide triphosphate hydrolysis but not with lactate 

accumulation (Saint-Ges et al., 1991). Basing their remarks 

on experiments with anaerobically-germinating seeds of 

Echinochloa phyllopogon, Kennedy, Rumpho and Fox 

(1992) concluded that Roberts hypothesis does not operate 

in the same manner in plants that are truly flood tolerant, 

such as rice and E. phyllopogon. Hence, further investi-

gations are still needed to demonstrate the validity of the 

Davies—Roberts theory for explaining root (and shoot) 

tolerance and susceptibility to the absence of oxygen. 

Three questions to be addressed include (1) does activation 

of alcoholic fermentation require acid-mediated suppression 

of lactate dehydrogenase? Hypoxic pre-treatment experi-

ments of Xia and Saglio (1992) suggest this is not always 

the case. (2) What are the sources of protons that acidify the 

cytoplasm? One difficulty is that lactate production from 

pyruvic acid is a proton consuming reaction. Ideally, what is 

needed here is an assessment of the relative contributions 

from lactate dissociation, leakage of protons from the 

vacuole and the balance between the variety of proton 

producing and consuming metabolic pathways such as ATP 

hydrolysis, malic acid decarboxylation and the production 

of γ-aminobutyrate, proline or putrescine. (3) How large 

and sustained a decrease in cytoplasmic pH is needed to 

harm the cell, and what are the metabolic lesions that low 

pH induces? 

However compelling further studies of these questions 

may be from a biochemical standpoint,  i t  must be 

remembered that the maize root tip (the most intensely 

studied model system) dies within 15-24 h of becoming 

anoxic. Furthermore, acclimation by prior hypoxia extends 

this only to about 96 h. This is so even if the ‘pH -stat’ 

mechanism operates and is important in suppressing 

acidosis. 

Sustained energy metabolism and sugar supply 

With very rare exceptions (e.g. Trapa natans, Menegus et 

al., 1992; Salix viminalis, Jackson and Attwood, 1996), 

roots survive only for a short time without oxygen. To 

achieve even this short term survival a fundamental re-

arrangement of cell metabolism is required. These changes 

include synthesis of proteins, lipids, and carbohydrate 

metabolism. The most significant shift occurs in cell 

energetics since the absence of oxygen arrests oxidative 

phosphorylation which is replaced by fermentation that 

yields only 2 mol ATP from each mol of glucose rather than 

32. Some accommodation of the energy deficit may be 

achieved by an enhanced oxidation rate (Pasteur effect) but 

the shortfall is still large. How cells adapt to this sharp 

decline in available energy is of intense interest but remains 

largely unexplained. The identities of the key ATP -

consuming processes which are retained, and those which 

are supressed, are not known with certainty. Control of 

anaerobic energy metabolism in plant roots has been studied 

principally from the perspectives of the supply of respirable 

substrates and of the expression of 'anaerobic genes' that 

code for glycolysis and fermentation enzymes which oxidise 

respirable substrates. These aspects are considered below. 

Effect of sugar supply. Early work with rice coleoptiles 

indicated a clear dependence on sugars for survival of 

anoxia (Vartapetian, Andreeva and Kursanov, 1974; 

Vartapetian,  Andreeva and Kozlova,  1976).  When 

aerobically grown intact rice seedlings were transferred to 

oxygen-free medium, no evidence of mitochondrial mem-

brane damage was seen unless coleoptiles were first separated 

from their source of sugar (the seed). However, feeding 

detached coleoptiles with glucose restored resistance of 

mitochondrial membranes to 3-5 d anoxia. Similar results 

showing a protective role for exogenous sugar were obtained 

in  exper iments  wi th  roots  of  f looding -to le rant  and 

-intolerant species (Vartapetian, Andreeva and Nuritdinov, 

1978 a; Vartapetian et al., 1977). It would seem that energy 

and carbon skeletons derived from anaerobic fermentation 

of glucose are important determinants of the duration of 

survival under oxygen deficiency. Plant feeding with 

exogenous sugars to maintain and stimulate glycolysis, 

fermentation and root longevity has been found by several 

other researchers (Saglio, Raymond and Pradet, 1980; 

Webb and Armstrong, 1983; Saglio et al., 1988; Johnson, 

Cobb and Drew, 1989; Waters et al., 1989, Perata et al., 

1992a) to extend survival under anoxia. Feeding rice, pea 

and pumpkin roots with glucose prolonged survival from 4 

to 44 h when post-anaerobic growth was used as the 

criterion of anoxia resistance (Webb and Armstrong, 1983). 

Saglio et al. (1980) demonstrated that without exogenous 

glucose feeding the adenylate energy charge (AEC = 

ATP + 0·5 ADP/ATP + ADP + AMP) in the maize root tips 

dropped from 0·9 to 0·2 after only 30 min of anoxia while 

glucose feeding immediately increased AEC to 0.6 together 

with simultaneous acceleration of the fermentation 

measured by lactate and ethanol accumulation. After long-

term anaerobic incubation of rice embryos, AEC stabilized 

at 0·8, a level similar to that of tissues kept aerobic 

(Mocquot et al., 1981). Similar data were obtained by Kemp 

and Small (1993) in experiments with anaerobically 

germinating Erythrina caffra seeds. It seems clear that 

availability of respirable substrates can determine longevity 

of anoxic root tips. However, even when sugars are in ample 

supply, other internal factors then bring about a somewhat 

later demise of the root tip. 

Modified gene expression 

Studies of expression of anaerobic proteins genes in 

higher plants under hypoxia and anoxia carried out during 

the last 15 years have highlighted the importance of energy 

metabolism in plant tolerance to anaerobic stress since 

many of these ‘anaerobic proteins’(ANPs) are enzymes of 

glycolysis  and  fermentation. The appearance of several  



10 

ANPs in plant tissue was observed 20 years ago in 

electrophoretic studies of soluble proteins of rice by 

Maslova, Tchernyadeva and Vartapetian (1975). These 

authors discovered seven proteins not present in aerated 

tissues. Anaerobic proteins have since been studied in-

tensively in maize roots. In this tissue, 20 proteins account 

for approximately 70 % of the total amount of protein 

formed after 5 h anaerobiosis and the majority catalyze 

reactions in glycolysis or sugar-phosphate metabolism, 

notably alcohol dehydrogenase, pyruvate decarboxylase, 

enolase, glucose-6-phosphate isomerase, glyceraldehyde-3- 

phosphate dehydrogenase, lactate dehydrogenase (barley) 

and sucrose synthase (Sachs, Subbaiah and Saab, 1996). 

Levels of alanine aminotransferase, an enzyme generating 

alanine from pyruvate are also enhanced by anoxia in barley 

roots (Good and Crosby, 1989). The production of ANPs 

continues until the roots begin to die after 72 h without 

oxygen (Sachs, Freeling and Okimoto, 1980) and is a 

consequence of enhanced gene transcription and selective 

translation mediated by the phosphorylation of protein-

synthesis initiating factors (Webster et al., 1992); translation 

of aerobic proteins being largely prevented by anoxia-

induced destabilization of polysomes (Bailey-Serres and 

Freeling, 1990). The signal transduction pathway that 

induces transcription is probably mediated by cytosolic 

calcium (Subbaiah, Zhang and Sachs, 1994). Much remains 

to be learned on this subject however. For example, it is not 

yet clear why patterns of transcript accumulation over time 

can differ between the anoxia-inducible genes. The 

significance of transient polypeptides formed soon after the 

start of anoxia is also unknown. 

The importance of fermentation enzymes for securing 

even the limited survival capability of maize root tips is 

revealed clearly by the failure of most null mutants that lack 

the adh1 gene to germinate in hypoxia or to survive more 

than 24 h in anoxia (Schwartz, 1969), although recent 

analyses suggest that only small amounts of ADH are 

needed to ensure acclimation (Johnson, Cobb and Drew, 

1994). Thus, genes other than adh may be more critical in 

determining anaerobic longevity (reviewed in Sachs, 1993). 

The contribution of ANPs to the modest tolerance of 

anoxia inherent in maize roots is clear from experiments 

with ruthenium red. This substance inhibits anaerobic gene 

expression, resulting in a decrease in the duration of anoxia 

tolerance from 72 h to only 2 h (Subbaiah et al., 1994). 

Experiments using cycloheximide to inhibit ANPs in rice 

coleoptiles gave a similar picture (Vartapetian and 

Poljakova, 1994). 

Anaerobic expression of the maize adh1 gene is restricted 

to the roots. The upstream promoter region contains a so-

called anaerobic response element (ARE) with guanine/ 

cytosine- and guanine/thymine-rich domains to which trans-

acting protein factors binds in association with active gene 

transcription (Ferl, 1990; Olive et al., 1990; Olive, Peacock 

and Dennis, 1991). This binding may have a general 

enhancing influence on transcription since similar ARE 

sequences are present on genes that are not anoxia responsive 

such as adh2 (Sachs, 1993). Not all anaerobically-inducible 

genes code for enzymes concerned with energy metabolism. 

Xyloglucan endotransglycosylase (XET),  a cell  wall  

loosening enzyme (Peschke and Sachs, 1994), is inducible in 

maize roots, while in rice the ethylene biosynthesis gene 1- 

aminocyclopropane-l -carboxyl ic  acid  synthase is  

anaerobically induced (Zarembinsky and Theologis, 1993; 

Olson, Oetiker and Yang, 1995). Superoxide dismutase 

(Monk, Fagerstedt and Crawford, 1987) activity is much 

enhanced in Iris pseudocorus by the absence of oxygen 

suggesting that gene expression may also be promoted 

anaerobically. 

Metabolic acclimation to anoxia by hypoxic pretreatment 

Studies of this phenomenon integrate most elements 

discussed in the previous four sections. An early dem-

onstration of hypoxic acclimation was the flooding pre-

treatment that Andrews and Pomeroy (1981, 1983) found 

enhanced fermentation rate and survival of anoxic ice 

encasement imposed on winter wheat and rye. More 

recently, Saglio et al. (1988) showed that incubating maize 

root tips for 18 h in 2 kPa oxygen at 20-25 °C enhanced 

tolerance to subsequent anaerobic treatments. For instance, 

maize roots survive 22 h anoxia if hypoxically pre-treated 

while without hypoxic pretreatment the roots die within 7 h. 

In the experiments of Johnson et al. (1989), roots of maize 

were pre-treated hypoxically for 18 h. They were then able 

to elongate for 46 h rather than the normal 24 h in anoxia. 

These acclimated root tips had increased concentrations of 

ATP, possessed a higher AEC and ATP:ADP ratio, and 

fermented abnormally fast (Saglio et al., 1988; Johnson et 

al., 1989, 1994; Hole et al., 1992). Similar results have been 

reported for wheat roots by Waters et al. (1991). In wheat 

roots without hypoxic pre-treatment, their potential for 

post-anoxic growth was lost after only 12 h of anaerobic 

incubation, but if given 24 h hypoxic pre-treatment they 

retained about 90 % of their elongation potential even after 

24 h anoxia while ADH and pyruvate decarboxylase 

activities and fermentation rates were enhanced. Even 

dipping the roots in water can achieve some acclimation 

(Huang and Van Toai, 1991). Applications of the hormone 

abscisic acid (ABA) also increase anoxia tolerance (Huang 

and Van Toai, 1991). This is presumably because the 

hormone induces adh1 and possibly other related genes as a 

consequence of the ABA response element being a feature of 

the adh1 promoter region (Dolferus et al., 1994). However, 

there is evidence that lack of oxygen decreases rather than 

increases endogenous ABA levels (Huang and Van Toai, 

1991; Else et al., 1995 a) (this is in contrast to droughted 

roots). Therefore, the hormone is unlikely to be a part of the 

hypoxic acclimation mechanism. Similarly, ethylene has 

been discounted as mediating the effect (Morell and 

Greenway, 1989). 

The higher level of anaerobic energy metabolism induced 

by acclimation is probably based on enhanced synthesis of 

ANPs since prior hypoxia has been shown to increase ADH 

enzyme activity and the level of adh1 transcript accumu-

lation (Andrews et al., 1993). The usual decay in transcript 

level after about 12 h anoxia was slowed by hypoxic pre-

treatment in association with a continued build-up of 

enzyme activity detectable for at least 96 h. It seems that 

adh1 transcription is already enhanced by hypoxia and does 
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not require strictly anaerobic conditions to become induced. 

Perhaps the gene activity is promoted in an anoxic core and 

cap where cells have smaller oxygen concentrations than 

elsewhere in the maize root (Armstrong, Brandle and 

Jackson, 1994). However, the cell suspension experiment of 

Paul and Ferl (1991) suggests that maximum transcription 

can be achieved in cells that are partially rather than 

completely devoid of oxygen. Thus, the terms `anaerobic 

proteins' and 'anaerobic genes' may be misnomers. 

A recent paper by Xia, Saglio and Roberts (1995) casts 

doubt upon the central position of the regulation of 

fermentation and ATP generation in the hypoxic acclimation 

of maize root tips to anoxia. Mannose or sodium fluoride 

were found to inhibit, partially, the large boost to anoxic 

fermentation rates (measured as ethanol production) 

induced by prior hypoxia. As expected, this was accom-

panied by a loss of ATP, total adenylates and AEC to levels 

well below those of non-acclimated roots receiving no 

inhibitor. Surprisingly, these effects did not decrease the 

anaerobic longevity of acclimated root tips, nor their ability 

to maintain control of cytoplasmic pH. The authors suggest 

that hypoxic pre-treatment must in some way enhance the 

affinity of key enzymes to ATP and enable pH control to be 

achieved in ways that do not require ATP hydrolysis. One 

example of this is enhanced lactate transport out of the 

roots into the surrounding medium that may help avoid 

cytoplasmic acidification (Xia and Saglio, 1992). Of course, -

this does not mean that ATP production is not a basic 

requirement for the survival of anoxic cells. Even in 

hypoxically acclimated roots poisoned with sodium fluoride 

or mannose, alcoholic fermentation was faster than in non-

acclimated, non-poisoned controls. Since ATP is inevitably 

produced by fermentation, the extra ATP may still have 

contributed to enhanced survival. Xia et al. (1995) suggest 

that a threshold rate of ATP formation and the linked 

fermentation rate exists below which survival is prejudiced. 

Nevertheless, the results indicate there is more to hypoxic 

acclimation than simply boosting ATP production. It seems 

probable that it selectively promotes certain ATP-con-

suming processes critical for survival while inhibiting other 

less important for survival. 

A V O I D A N C E  O F  R O O T  A N A E R O B I O S I S  

Survival by roots in anaerobic soils requires escape 

mechanisms. Without them roots of most species die quickly 

in the absence of oxygen. Surprisingly, roots of some 

flooding-resistant species can be more readily damaged than 

those of flooding-intolerant species. This was shown in early 

electron-microscopic investigations of root mitochondria 

(Vartapetian et al., 1970; Vartapetian, 1973) which revealed 

that mitochondrial membranes of rice roots (Oryza sativa) 

are more prone to disruption by anoxia than those of roots 

of pumpkin (Curcubita pepo). Mitochondrial membrane 

degradation in rice took place after only 3-5 h anaerobiosis 

at 20 °C while in pumpkin roots, these same symptoms were 

seen after 5-10 h. Growth and respiration measurements on 

roots of pumpkin and rice by Webb and Armstrong (1983) 

supported these findings. Webb and Armstrong concluded: 'If 

a distinction were to be made between the wetland and 

non-wetland plant type it would be that wetland species 

may be the more sensitive (to anoxia)'. High susceptibility 

of roots to oxygen deficiency was also demonstrated by Ap 

Rees and Wilson (1984) and Ap Rees et al. (1987). Their 

investigations of protein synthesis in roots of flooding 

tolerant Glyceria maxima and intolerant Pisum sativum 

indicated that, as oxygen levels decreased, protein synthesis 

in the roots of G. maxima slowed more than in P. sativum 

roots (Ap Rees and Wilson, 1984). High sensitivity to 

oxygen deficiency has also been found in the roots of 

wetland species such as Carex leporina, Alisma plantago, 

Lycopus europaeus and Glyceria fluitans (Andreeva et al., 

1975; Vartapetian and Andreeva, 1986). These results 

suggest that an ability to inhabit waterlogged, anaerobic soils 

is not associated with the high resistance of their root 

cells to anoxia, or with special features of root metabolism. 

Indeed, the contrary seems to apply. The roots of flooding 

tolerant species must, therefore, gain access to a supply of 

oxygen. This is achieved in some species by a re-directing 

root elongation either horizontally or upwards resulting in 

some roots reaching the water surface where oxygen is 

readily available (Guhman, 1924; Ellmore, 1981; Good et 

al., 1992). The physiological mechanisms that can re-direct 

root extension are not understood. For most species, the 

ability to withstand soil waterlogging is linked to internal 

transport of oxygen with sufficient capacity and speed 

required to avert root anoxia. This is made possible by 

systems of internally interconnected gas-filled spaces, cre-

ating highly porous tissue known as aerenchyma, which has 

an inherently small resistance to the movement of gases. In 

deep-water rice, there is an added possibility of a small 

amount of shoot to root aeration down the outside of the 

plant along longitudinal bubbles formed on the hydrophobic 

surface of foliage (Raskin and Kende, 1983). 

In well-adapted species, aerenchyma can extend from leaf 

stomata almost to the root tips (Armstrong, 1979) and is 

capable of aerating roots up to 300-mm-long despite large 

losses en route from radial leakage and respiration (Justin 

and Armstrong, 1987). Using platinum electrodes for 

measuring radial oxygen loss from various positions along 

roots coupled with mathematical modelling, it has been 

demonstrated that oxygen is indeed translocated to, and 

along, roots of rice and other wetland plants with some 

diffusing radially into the rhizosphere (Kursanov and 

Vartapetian, 1968; Vartapetian, 1973; Vartapetian et al., 

1974; Armstrong, 1979; Armstrong, Armstrong and 

Beckett, 1992). Estimates of AEC in aerenchymatous maize 

roots (Saglio, Raymond and Pradet, 1983), and metabolic 

rate, gauged by chemiluminescence and examination of 

mitochondrial integrity have demonstrated that aerenchyma 

formation enhances survival, and sustains basic cell 

functions and structures (Vartapetian et al. ,  1970; 

Vartapetian, 1973) presumably as a result of improved 

oxygenation. 

Oxygenation of rhizosphere by radial leakage of oxygen 

from aerenchymatous roots can be of importance because it 

oxidativly de-toxifies chemically reduced iron, manganese 

and hydrogen sulphide (Gambrell, Delaune and Patrick, 

1991) and may support nitrifying bacteria that convert 

ammonia to  nitrate  (Blom et al., 1994). Aerenchyma 
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promotes not only the long distant transport of the oxygen 

to the roots but also facilitates the counter-flow of volatile 

compounds accumulated in the anaerobic soil and plant 

tissues. These include ethanol (Crawford and Finegan, 

1989), CO2 and methane. Methane, released from paddy 

rice via aerenchyma, is a key greenhouse gas which could be 

associated with global warming (Neue, Becker-Heidmann 

and Scharpenseel, 1990). 

The energy driving oxygen transport from shoots to roots 

via aerenchyma has its source in concentration gradients 

needed for directed diffusion. These gradients (Armstrong 

et al., 1994) are created by oxygen consumption in the roots 

(Armstrong, 1979; Armstrong et al., 1991 a) and a ready 

supply of oxygen from the aerial atmosphere or from 

photosynthesis by leaves either above or below water 

(Waters et al., 1989). In some circumstances, where an 

internal circulation of gases is possible (e.g. in waterlilies, 

Dacey, 1980; Grosse and Mevi-Schiitz, 1987), pressurized 

gas flows (convective flow) have the potential to aerate to 

depths greater than 300 mm. These pressures are largely 

derived from temperature and humidity differences between 

the inside and outside of leaves that depend on the presence 

of micro-porous partitions (Armstrong et al., 1991 b) with a 

pore size < 3 μm which allow diffusion while permitting 

pneumatic pressures to build-up behind them. Suctions 

generated by wind blowing across hollow but dead culms of 

the common reed Phragmites australis can also oxygenate 

rhizomes, especially in winter and early spring (Armstrong, 

et al., 1992). A limited non-throughflow aeration by internal 

convection is also possible from pressure reductions 

generated by respiratory CO2 dissolving in cytoplasm, water 

surrounding the roots, or being fixed by phosphoenol -

pyruvate carboxylase. Whatever the driving force,  

aerenchyma is needed as a transport pathway and, in many 

cases, to minimize the total number of cells making demands 

on the limited oxygen supply. 

High porosity in primary or adventitious roots is achieved 

mainly by the formation of aerenchyma, although cubic as 

opposed to hexagonal packing also increases porosity 

(Yamas aki ,  1952 ;  Jus t in  and  Armst ron g,  1987) .  

Aerenchyma forms either by selective cell collapse (lysigeny) 

or by cell separation and differential rates of expansion 

(schizogeny). The former are commonly found in the 

deeper-rooted wetland species (Justin and Armstrong, 1987) 

and both develop constitutively in most but not all wetland 

and amphibious species that have been examined (Smirnoff 

and Crawford, 1983). In some wetland and amphibious 

species, such as Rumex crispus (Laan et al., 1989), willow 

(Jackson and Attwood, 1996), rice (Justin and Armstrong, 

1991, but see Jackson, Fenning and Jenkins, 1985) the 

proportion of root occupied by aerenchyma is promoted 

further by poor aeration. In roots of maize and wheat, 

aerenchyma is very slow to develop in well -aerated 

conditions but strongly enhanced by partial shortage of 

oxygen (Yu, Stolzy and Letey, 1969; Varade, Stolzy and 

Letey, 1970). This response is stronger in more waterlogging-

tolerant lines (Huang et al., 1994; Huang and Johnson, 

1995) and, in maize at least, is mediated by the gaseous 

hormone ethylene (Drew, Jackson and Giffard, 1979) which 

is formed in increased amounts when oxygen levels decrease 

to about a fifth of ambient (Brailsford et al., 1993). 

Ethylene action induces programmed cell death (apoptosis) 

in files of cells of the cortex of primary roots in association 

with a disorientation of microtubules in cells destined to 

collapse (Baluška et al., 1993), cell wall degeneration (Webb 

and Jackson, 1986), and an increase in the activity of 

putative cell-wall degrading cellulases (Jackson, Brailsford 

and Else, 1993; He, Drew and Morgan, 1994). Submergence 

and flooding can also enhance aerenchyma formation in the 

leaves (Jackson, 1989; Grinieva and Bragina, 1993) which 

presumably interconnects with root aerenchyma to form a 

continuum. 

M E T A B O L I C  A N D  M O R P H O L O G I C A L   

ADAPTATIONS IN SHOOTS  

Many plants or germinating seedlings have a prolonged 

tolerance of soil flooding or total submergence. In each case, 

resilience either through escape mechanisms or metabolism-

based tolerance mostly resides in the shoot, not in the roots. 

There are four distinct categories of response, although not 

all are expressed on the same plant simultaneously. Firstly, 

an ability of shoot tissues to tolerate long periods without 

oxygen in a quasi-dormant state that permits survival of 

episodic or seasonal anoxia. This is seen most clearly in 

rhizomes of wetland plants with large carbohydrate reserves 

that survive winter anaerobiosis (Brӓndle, 1991) in a passive 

state. More surprisingly, it also occurs in the green shoots of 

certain arctic species even at warm temperatures (Crawford, 

1993). Secondly, a capacity for upward shoot elongation 

that increases the probability that contact will be regained 

with the atmosphere or well-oxygenated upper layers of 

water. Thirdly, an ability to regenerate new roots at the 

shoot base to replace those asphyxiated by oxygen shortage 

in the soil. Fourthly, responses such as stomatal closure, leaf 

epinastic curvature and slower leaf extension in the shoots 

of land plants subjected to soil waterlogging. These 

responses curtail demand by shoots for root -derived 

resources, especially water, that, paradoxically, can be less 

available as roots become depleted of oxygen. 

Developmentally passive tolerance 

This characteristic is most obvious in the rhizomes of 

temperate aquatic and wetland plants which have large 

energy reserves that sustain the apical buds with low 

metabolic activity through the winter in anaerobic 

surroundings (anaerobic dormancy). It is the necessary 

prelude to apical bud elongation in the spring that re-

establishes contact with oxygen above the anaerobic 

substrate in which most rhizomes and tubers overwinter. 

During the winter, AEC levels can be low (0·5) but clearly 

this is sufficient for survival of winter anoxia at cool 

temperatures presumably because of limited expenditure on 

anabolic and other energy consuming reactions (see 

Lambers, 1976 for the principles). Starch, fructan or free-

sugars of winter rhizomes are derived from late-summer 

photosynthate (Kausch, Seago and Marsh, 1981). The 

winter period is also characterized by storage of protein and 

amino acids. The latter are not just protein breakdown 

products but a consequence of fixation to alanine, arginine 
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and asparagine of potentially toxic ammonia that is present 

in the medium, possibly via glutamine (Menegus et al., 

1993). These nitrogen-rich compounds are thought to be 

translocatable and available for protein synthesis when 

apical growth begins in the spring (Weber and Brӓndle, 

1994). Hydrogen sulphide is also potentially toxic. As with 

ammonia, sulphide can be assimilated and, in A. calamus 

rhizomes, it is stored as glutathione. This is a useful source 

of sulphur but also acts as a protective anti-oxidant when 

oxygen re-enters the tissues in spring (Crawford and 

Brӓndle, 1996). 

Anoxia-tolerant rhizomes such as P. australis, A. calamus 

and Schoenoplectus lacustris retain membrane integrity for 

long periods without oxygen, while anoxia intolerant species 

such as Iris germanica do not. The latter shows severe loss 

of phospho- and glycolipids and a trend to a higher 

proportion of saturation in the fatty acids extracted from 

these lipids (Henzi and Brӓndle, 1993). Retention of the 

original unsaturated fatty acids is essential for survival. No 

re-synthesis is possible during anaerobiosis even in flooding-

tolerant seeds such as rice (Vartapetian, Mazliak and Lance, 

1978 b; Brown and Beevers, 1987). The anoxic inhibition of 

unsaturated fatty acid synthesis relates to a requirement for 

molecular oxygen and cytochrome b5 in desaturase reactions 

that involve elimination of two hydrogens to form cis 

double bonds (Stumpf, 1976). Damage to membranes from 

free radicals generated on oxygen entry in spring is thought 

to be reduced by prior anaerobic production of superoxide 

dismutase (SOD) (Monk et al., 1987) that promotes a 

disproportionation of damaging superoxide radicals. Iris 

pseudocorus is anoxia tolerant and forms SOD anaer-

obically. The related I. germanica has low SOD activity and 

suffers membrane damage on re-aeration as revealed by 

much larger generation of malondialdehyde, a product of 

lipid peroxidation. A further problem for the re-aerated 

rhizomes is a catalase-based peroxidative conversion of 

ethanol to the more toxic acetaldehyde. The contradictory 

needs for ethanolic fermentation to survive anoxia and 

possibly support limited anaerobic elongation in spring but 

avoid acetaldehyde poisoning when oxygen is regained is 

met in rice coleoptiles (Setter, Ella and Valdez, 1994) and 

Acorus calamus (Monk, Crawford and Brӓndle, 1984) by a 

ready efflux of ethanol into the surrounding medium. 

When apical growth resumes in spring, some but not all 

rhizomatous amphibians are capable of slow shoot 

elongation in the absence of oxygen (see Barclay and 

Crawford, 1982 for a list). Studies with Acorus calamus 

indicate that by this time mRNA, coding for pyruvate 

decarboxylase that catalyses the likely rate-limiting step in 

fermentation, has increased (Bucher and Kuhlemeier, 1993). 

Furthermore, the activity of this and other fermentation, 

glycolytic and starch degrading enzymes is also higher. This 

anaerobic build-up of key enzymes, apparently based on 

anaerobic transcription and translation presumably under-

pins the anaerobic growth of early spring. In less anoxia-

tolerant species fermentation rates are slower (Pfister-Sieber 

and Brӓndle, 1994; Hanhijarni and Fagerstedt, 1995). Once 

in contact with oxygen, activities of these enzymes decrease 

sharply (Haldemann and Brӓndle, 1988) as aerobic and 

mitochondrial energy metabolism takes over. 

Plant organs least likely to show anoxia tolerance at 

warm or cool temperatures are green shoots. However, 

recent studies of Saxafraga, Deschampsia and other cold-

tolerant species have shown that populations adapted to ice-

encasement conditions in Spitzbergen (this can impose 

anoxia, Andrews and Pomeroy, 1979) are able to retain 

healthy green leaves for periods of up to 50 d anoxia at 10 

or 20 °C, and to re-commence growth when returned to air. 

The same or related species from sub-arctic regions do not 

possess this ability (Crawford, 1993 ; Crawford and Brandle, 

1996). This capability for rapid and balanced shut-down of 

metabolism to effect a durable anaerobic dormancy by 

green shoots is not understood biochemically.  

Enhanced shoot elongation 

As already emphasized, all vascular plants are essentially 

aerobic organisms and even the most highly adapted cannot 

grow and develop into self-sustaining organisms without a 

supply of oxygen. In many cases it is characteristics of the 

shoot that contribute most strongly to securing oxygen 

when the usual supply-route is severed by flooding or 

submergence. Achieving unusually fast rates of extension to 

make contact with a source of oxygen, and also light carbon 

dioxide is a major feature contributing to survival in over-

wet conditions. 

Shoot extension in the presence of some oxygen. Even a 

gentle stress imposed by total or partial submergence of the 

shoot system in aerated water strongly stimulates stem, 

petiole or leaf extension in a very wide range of aquatic and 

amphibious species (Ridge, 1987), that includes mono-

cotyledons (e.g. rice), dicotyledons (e.g. Callitriche 

platycarpa) and a tropical fern (Regnellidium diphyllum). 

This escape mechanism is underpinned by an acceleration in 

cell extension that can commence within 30 min (Musgrave, 

Jackson and Ling, 1972) that is sometimes, but not always, 

quickly reversible by de-submergence (Jackson, 1982) and is 

positively linked with ecologically identifiable species vari-

ation in submergence tolerance (Blom, Voesenek and van 

der Sman, 1993). Several factors may be sensed by the 

submerged shoot that initiate faster extension growth. Pre-

eminent amongst these is ethylene. Most species that 

elongate more quickly when submerged also give this 

reaction when supplied with ethylene (e.g. rice coleoptile, 

Ku et al., 1970). Submergence increases endogenous 

ethylene to active levels by simple entrapment of basal 

ethylene production (Musgrave et al., 1972; Voesenek et al., 

1993b) resulting from the water covering that impedes radial 

diffusive loss. In the stems of partially-submerged deep 

water rice plants (Metraux and Kende, 1983, 1984) ethylene 

levels also increase because of extra biosynthesis arising 

from further ACC synthesis promoted in stem tissue by 

partial oxygen shortage. When plants are de-submerged, 

elongation slows promptly in some species (e.g. Callitriche 

platycarpa, Jackson, 1982) because 90 % of the entrapped, 

growth-promoting ethylene is vented into the air within the 

first minute (Voesenek et al., 1993b. In some instances, 

ethylene-promoted cell extension is associated with 

increased wall loosening, proton excretion, the action of  
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cellulase enzymes and mobilization of starch reserves  

(reviewed in Jackson, 1990; Armstrong, et al., 1994).  

Sometimes, cell division is also promoted by ethylene during 
submergence (e.g. in Nymphoides peltata, Ridge, 1987). 
Ethylene acts in concert with other hormones, notably 
gibberellins (Musgrave et al., 1972; Raskin and Kende, 
1984), a hormone upon which ethylene-promoted elongation 
depends. Ethylene can enhance the elongation-promoting 
properties of gibberellins (Voesenek et al., 1996). In some 
species, auxin rather than gibberellin appears to be needed 
for the ethylene-mediated submergence response (Cookson 
and Osborne, 1978; Rijnders et al., 1996). Ethylene action 
can be enhanced by a decrease in the growth inhibitor 
abscisic acid (ABA) (Hoffmann-Benning and Kende, 1992), 
by the actions of CO2 and low levels of oxygen (e.g. 1-5 kPa 
in Rumex palustris, Blom et al., 1994), and buoyant tension 
generated by the high porosity of most tissues of aquatic 
plants (Musgrave and Walters, 1974). 

Fast elongation in the absence of oxygen. Shoots of some 
species are able to elongate slowly when anaerobic, as 
discussed above, as part of developmentally passive 
tolerance. Rhizomatous Schoenoplectus lacustris, Scirpus 

maritimus, Typha latifolia and Acorus calamus fall into this 
category. In this way, anaerobic extension raises the shoot 
tip to levels where contact may be made with oxygen before 
respirable substrates and assimilated nitrogen reserves 
become exhausted. Diffusion of oxygen through highly 
porous interiors will then effect the passage of oxygen to 
roots and allow aerobically-based morphogenesis of the 
shoot (e.g. leaf expansion, chlorophyll formation) to 
establish a heterotrophic existence. 

More remarkable, but much less common, are plants 
where fast aerobic rates of shoot elongation are retained or 
even promoted by the absence of oxygen. In this regard, the 
coleoptile of germinating rice seedlings is the best known 
and most studied, although no unique pathways of 
metabolism have emerged to explain how this is supported 
energetically (Menegus et al., 1993). The anoxic promotion of 
coleoptile elongation in young rice seedlings has been 
known for many years. Growth by other organs of the 
seedling is inhibited (Vartapetian et al., 1978 a) but 
coleoptiles can extend faster and for longer in oxygen-free 
conditions compared to air (Costes and Vartapetian, 1978) 
and may reach a final length of 60 mm (Pearce and Jackson, 
1991). There are marked cultivar differences, however, and 
during the earliest phases of germination oxygen shortage 
can inhibit extension because new cell production is arrested 
(Atwell, Waters and Greenway, 1982). The cells of anaerobic 
coleoptiles appear structurally intact under the electron 
microscope and contain mitochondria that retain their 
potential for both protein synthesis using ATP of glycolytic 
origin (Couëe et al., 1992) and oxidative phosphorylation 
(Ueda and Tsuji, 1971; (Ӧpik, 1973 ; Vartapetian, Andreeva 
and Maslova, 1971; Vartapetian, 1978; Shibasaka and 
Tsuji, 1991). Anaerobic coleoptiles continue to synthesise 
proteins (Maslova et al., 1975; Ricard et al., 1991), nucleic 
acids (Mocquot, Pradet and Litvak, 1977) and lipids 
(Vartapetian et al., 1978b). Rice coleoptiles, overall, 
assemble a wide range of proteins that is little different from 
that  of aerobic  tissues (Ricard and  Pradet, 1989) partly  

because aeronic message/ribosome complexes either remain  
intact or re-associate after a few hours. Anaerobic amino  
acid synthesis to support anaerobic protein (ANP) 
production is supported by the unusual ability of rice to 
assimilate, enzymatically, its stored nitrate into amino acids 
(Reggiani et al., 1993) which are then available for ANP 
synthesis. These synthetic activities are dependent upon 
ATP from glycolysis (Vartapetian, 1978; Couëe et al., 1992) 
which is, in turn, reliant on substrates from the seed. 
Anabolic processes are strongly inhibited by severing the 
anoxic coleoptile from the seed (Vartapetian et al., 1976), 
highlighting the importance of anaerobic degradation of 
starch and transport of sugars to the coleoptile (Perata et 

al., 1993). The undoubted high assimilative and dissimilative 
metabolic activity of the anaerobic coleoptile maintains 
ATP synthesis and energy metabolism (Fan, Lane and 
Higashi, 1992) that is supported by an active and 
anaerobically-induced pathway for the hydrolysis of en-
dosperm starch reserves and transport of soluble sugars to 
the growing region (Ricard et al., 1991; Guglielminetti, 
Perata and Alpi, 1995). This is underpinned by anoxically-
induced transcription of genes such sucrose synthase (Ricard 
et al., 1991). This is endogenous sugar feeding of coleoptile 
cells that does not take place in anoxia-intolerant cereal 
seeds, such as wheat and barley because anaerobic con-
ditions suppress rather than promote starch breakdown 
(Perata et al. ,  1992a, 1993). Interestingly, when 
anaerobically-imbibing wheat seeds are fed with exogenous 
glucose or sucrose, limited anoxic germination is then 
possible (Perata et al., 1992a). Alcoholic fermentation in 
anoxic coleoptiles of rice is associated with a modest Pasteur 
effect (x 1·7). 

Anaerobic rice coleoptiles have an ability to avoid 
prolonged cytoplasmic acidosis (Fan et al., 1986, but see 
Menegus et al., 1991). This control of pH is linked to a 
sustained energy supply, slow lactate production and the 
running of proton-consuming pathways such as putrescine 
synthesis (Menegus et al., 1993) and glutamate decarboxyl-
ation to γ-aminobutyric acid. 

There is evidence for only a very limited hormone 
involvement in the anaerobic growth promotion of rice 
coleoptiles (Jackson and Pearce, 1991) but the most recent 
evidence suggests that the auxin indole acetic acid (IAA) 
can influence solute retention by anoxic coleoptiles and 
mediate in the gravitropism that ensures upward extension 
towards a possible supply of oxygen (Brambilla et al., 1996). 
However, there are also reports of very weak responses to 
gravity by anaerobic coleoptiles in rice (Kordan, 1974; 
Horton, 1994). Susceptibility to inhibitory effects of ABA 
has been demonstrated. However, any inhibition caused by 
endogenous ABA is relieved through rapid release to the 
external medium from anoxic tissue (Mapelli and Bertani, 
1993). A possible elongation-promoting effect of the diamine 
putrescine has also been reported (Reggiani, Hochkoppler 
and Bertani, 1990). Fast extension after the anoxic coleoptile 
emerges into an aerated zone may be achieved by the rapid 
oxidation of ACC that accumulates during anoxia. The 
ethylene so generated can promote elongation when some 
oxygen is present (Pearce, Hall and Jackson, 1992) thus 
ensuring a continued upward elongation, post-anoxia. 
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Species of Echinochloa, notably E. phyllopogon and E. 

oryzicola (Kennedy et al., 1980) and Erythrina caffra (Small, 

Potgieter and Botha, 1989) resemble rice in that they can 

germinate without oxygen by protruding a coleoptile. 

Extension of the coleoptile of E. orizicola is considerable but 

is neither inhibited nor stimulated by anoxia (Pearce and 

Jackson, 1991) over about a week. This is a remarkable 

achievement in view of the very small seed mass compared to 

rice. Echinochloa appears to be more efficient than rice at 

converting seed reserves into growth in shoot dry weight 

when anoxic (Fox, Kennedy and Rumpho, 1994). This is 

accompanied by a wide spectrum of protein synthesis 

(Mujer et al., 1993), an active alcoholic fermentation 

supplemented by partial running of the Kreb's cycle in 

mitochondria that retain their integrity. (Kennedy et al., 

1991, 1992; Fox et al., 1994). There appear to be differences 

in the energy metabolism that supports anaerobic growth in 

E. phyllopogon and rice. It has also been suggested that 

mitochondria of E. phyllopogon possess an unusual form of 

cytochrome oxidase (cytochrome d) that may use nitrate 

rather than oxygen as a terminal acceptor of electrons in an 

ATP-generating mitochondrial electron transport chain. 

These exotic metabolic alternatives require further investi-

gation. When oxygen is present, coleoptile elongation in E. 

oryzicola remains indifferent to ethylene or carbon dioxide 

(Pearce et al., 1992). Thus, an ability to produce a coleoptile 

about 20-mm-long irrespective of aeration conditions is a 

unique feature of this Echinochloa. 

The positive effects of anoxia on elongation by the rice 

coleoptile and the limited amount of endogenous growth 

regulation achieved under these conditions are small in scale 

compared with those observed in stems of overwintering 

tubers of Potamogeton pectinatus, the fennel-leaved pond-

weed. Underwater elongation by the stem of the apical bud 

of starch-filled tubers (approximately 0·2 g fresh weight) is 

strongly promoted over many days by dark, oxygen-free 

conditions while leaf extension continues at slower but still 

substantial rates (Summers and Jackson, 1994). Anaerobic 

elongation of more than 120 mm over 6 d by the stem can 

be achieved at 20 °C, and additional growth sustained for 

another 8 d. Growth promotion in the stem is a result of cell 

expansion and, uniquely, is augmented by cell division as 

shown by cell counts and the presence of nuclei in metaphase. 

No other species is known to divide its cells when anaerobic. 

Extension growth is guided upwards towards better aerated 

zones by a strong gravity response that can re -direct 

elongation through 180° within 3 d. This gravi-respon-

siveness is a reflection of the retention of sensitivity to auxin 

(Summers and Jackson, 1996 a), the putative hormone 

mediating the response. The anaerobic growth is associated 

with rates of CO2 production that are little different from 

aerated controls. This CO2 acidifies the medium and the 

acidification enhances anaerobic extension rates. Buffers 

that neutralize the external pH slow growth by up to 50 %. 

When the shoot reaches a source of oxygen (normally the 

water lying above anaerobic substrate) internal oxygen 

transport is facilitated by an extensive constitutive 

aerenchyma, characterized by side-pores and perforated 

cross-plates. At this stage, the shoots develop leaves capable 

of photosynthesis and adventitious  roots emerge from  the  

nodes of the lower stem, but the ability of the stem to 

elongate at faster rates when anoxic is then lost (Summers 

and Jackson, 1994). 

Adventitious root formation 

Adventitious rooting is a mechanism for replacing existing 

roots that have been killed or whose function is impaired by 

anoxia at depth. These replacement roots usually emerge 

from the shoot base and into surface layers of flooded soil 

or into water. Here, some oxygen is available either directly 

from the surroundings or translocated internally through 

the aerenchyma these roots usually possess (e.g. maize, 

Drew, Jackson and Giffard, 1979; Rumex, Laan et al., 1989) 

often linking to hypertrophic swellings of the stem base and 

lenticels to form a highly porous continuum (reviewed in 

Jackson and Drew, 1984). Removing these roots from 

flooded apple (Armstrong et al., 1994) or sunflower plants 

(Jackson, 1984) slows leaf expansion and growth in height 

and fresh weight, showing the positive role new roots can 

play in supporting shoot growth during prolonged soil 

waterlogging. These roles include supplying water, minerals 

and hormones and acting as sinks for shoot assimilates and 

metabolites. Ameliorating effects of adventitious roots are 

suggested by the positive relationship between flooding 

tolerance in species of Rumex and the amount of rooting 

during flooding (Blom et al., 1994). However, despite 

copious new root formation, sunflower plants are killed by 

4 weeks soil flooding (Wample and Reid, 1978), while in 

alder (Gill, 1975), removing adventitious roots of flooded 

plants fails to damage shoot development. The sunflower 

result suggests that the leaves may be recipients of unknown 

factors that directly damage the leaves, (as appears to be the 

case in flooded pea plants, Jackson, 1979) thus overriding 

the beneficial effects of replacement roots. 

The mechanisms by which flooding promotes adventitious 

rooting are not always clear. Some of the confusion may 

arise because many results fail to distinguish between 

rooting that involves the initiation of new primordia, and 

that involving outgrowth of existing primordia (Wample 

and Reid, 1978). Mechanisms promoting each process 

differ. In maize and willow, it is clearly primordial outgrowth 

which is involved, and ethylene is one factor that promotes 

this (Kawase, 1971; Jackson, Drew and Giffard, 1981). 

Auxin is well-known as a promoter of root initiation and its 

accumulation in shoots of flooded plants has been thought 

to initiate new root primordia in flooded sunflowers (e.g. 

Wample and Reid, 1979). Recent studies using physico-

chemical analyses of IAA, ethylene and inhibitors of auxin 

transport and ethylene biosynthesis (Visser, 1995; Visser et 

al., 1995) suggest that in Rumex palustris, auxin delivered by 

basipetal transport to the shoot base is a pre-requisite for 

rooting but that no accumulation takes place. The pro -

moting action of this basal amount of auxin on root 

formation is then enhanced by ethylene which accumulates 

in the tissue as a result of entrapment by the water covering 

(Visser, 1995). Activity may also be enhanced by a depletion 

of gibberellin and cytokinin hormone supply from the roots 

(Fabijan, Taylor and Reid, 1981) that results from flooding 

(see next section). 
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Root to shoot communication 

Just a few hours of soil waterlogging is sufficient to 
initiate changes in shoot tissues well above the water line. 
These include partial stomatal closure, leaf epinastic 
curvature in Solanaceous plants, slower leaf expansion and 
later, enhanced senescence in older leaves. Closing of 
stomata, epinasty and slowing of leaf expansion may help 
acclimate the plants by decreasing transpiration thus 
reducing the risk of shoot dehydration in  warm, sunny 
conditions at a time when the availability of water can be 
curtailed by the decreased root hydraulic conductivity of 
oxygen-deficient roots (Mees and Weatherley, 1957; Else et 
al., 1995b), by the loss of absorbing surface area as anoxic 
roots die, by blockage of xylem elements with detritus 
and other material (Kramer and Jackson, 1954) and by a 
reduction in the diameters of central metaxylem and 
protoxylem vessels (Huang et al., 1994). Since shoot 
responses take place some distance from the flooded roots 
communicating signals must operate between the site of 
stress perception and response (reviewed in Jackson, 1990, 
1993). Four means of communication message are possible. 
These are (1) a positive message arising in the stressed roots 
and delivered in increased amounts to the shoot; (2) a 
negative message, the converse of (1); (3) an accumulation 
message, generated by a slowing of export of phloem-
mobile substances from leaves as a result of decreased sink 
activity elsewhere in the plant; (4) a debit message generated 
by stress at the roots enhancing the transport of physio-
logically active substances out of the shoot. Debit messages 
are extremely unlikely in flooded plants but have been 
reported for plants infected with the parasitic weed Striga 
hermonthica. There is evidence that the remaining three 
kinds of message operate in flooded plants. 

1-aminocyclopropane- I- carboxylic acid (ACC) as a positive 
message promoting epinastic leaf curvature. There is physio-
logical evidence that oxygen-deficient roots of tomato 
plants export a promotive influence on ethylene production 
and petiole epinasty that is transmitted in the transpiration 
stream as a positive message (Jackson and Campbell, 
1975). Bradford and Yang (1981) identified the message as 
ACC moving in xylem sap. Their findings have recently 
been substantiated and extended using physico-chemical 
methods of ACC measurement and improved techniques of 
sampling xylem sap that involve pressurising freshly 
detopped roots systems to produce sap flow rates close to 
those of whole-plant transpiration (Else et al., 1995a; 
English et al., 1995; Jackson, Davis and Else, 1996). 
Control of sap flow rate is highly desirable in these 
experiments because of interactions between sap flow and 
both concentration and delivery rate (Else et al., 1995 a). 
Unless samples are taken from sap flowing at appropriate 
rates, estimates of delivery and concentration in intact 
plants are likely to be wrong. 

Increased export of ACC in the transpiration stream is 
the outcome of anoxic arrest of the conversion of ACC to 
ethylene in the flooded roots normally catalysed by oxygen-
dependent ACC oxidase. Additional ACC may also be 
formed in the roots during the first 24-48 h flooding as 
activity and gene  transcription of the enzyme ACC synthase  

 

are stimulated by anoxia (Wang and Arteca, 1992; Olson et 
al., 1995). Some of the ACC thus accumulated in the roots is 
transported to the shoot where the presence of oxygen permits 
its oxidation to ethylene by ACC oxidase. The faster ethylene 
production is accompanied by epinastic curvature (Jackson, 
Gales and Campbell, 1978; English et al., 1995), although 
convincing detailed time-courses relating the two remain 
elusive. Epinasty results from growth promoting activity of 
ethylene on the upper (adaxial) half of petioles. This 
downward reflexing of the leaves reduces the intensity of 
irradiation incident on the laminae (Woodrow, Thompson and 
Grodzinski, 1988). Comparisons with tomato plants 
transformed with an antisense construct to the coding region 
of one of three ACC oxidase genes in tomato demonstrated 
that the rate of ethylene production and the degree of 
curvature are limited by the level of ACC oxidase activity in 
the leaves. Furthermore, in untransformed plants, flooding the 
soil raises ACC oxidase activity in the shoots within 6 h 
(English et al., 1995). This appears to be essential for 
maximum utilization of root-sourced ACC and is underpinned 
by increased accumulation of mRNA coding for an ACC 
oxidase (English et al., unpubl. res.). The root-sourced 
message generated by flooded roots that increases ACC 
oxidase levels in the leaves (and presumably enhances gene 
transcription) is not known. 

 

Abscisic acid as a message promoting stomatal closure. 
 

 Stomata of many species become at least partially closed 
when the soil is flooded. In tomato plants, stomata begin to 
close within 4 h of the start of soil flooding with a parallel 
decrease in transpiration (Else et al., 1995a) and photo-
synthetic CO2 fixation (Bradford, 1983). Research on the 
systemic signals generated by oxygen-deficient roots that 
bring about stomatal closure has centred on ABA, a hormone 
that is highly active in regulating stomatal apertures. However, 
the true character and identity of the message remains 
controversial despite much research. One possible mechanism 
is that flooding decreases root hydraulic conductivity (Mees 
and Weatherley, 1957). This can cause slight or severe wilting 
of leaves depending on the intensity of evaporative demand, 
and this in turn would close stomata by enhancing leaf ABA 
biosynthesis (e.g. Hiron and Wright, 1973). However, a 
negative hydraulic message of this kind is not an essential 
component of the signalling system since stomata close within 
4 h of flooding even when the effects on leaf water potentials 
are negated by applying balancing pressures to the roots (Else 
et al., 1995b). An alternative hypothesis is that either the roots 
or the lower leaves of flooded plants supply young leaves with 
increased amounts of ABA in the transpiration stream (Zhang 
and Davies, 1987; Zhang and Zhang, 1994). However, 
estimates of ABA delivery in the transpiration stream using 
GC-MS and sap flow rates similar to whole plant transpiration 
have shown much smaller rather than larger ABA deliveries 
from flooded roots (Else et al., 1995a; Jackson et al., 1996). 
ABA export from old leaves is also not required, at least 
during the first 72 h flooding in tomato plants (Else et al., 
1996). A third way in which ABA might be involved is as an 
accumulation message. Evidence from studies of ABA and 
stomatal conductances in flooded pea and tomato plants, 
in detached leaves and in grafted plants with ABA-deficient 
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root systems support the notion that ABA builds up in the 
leaf because of slower export in phloem (reviewed in 
Jackson, 1993). However, time-course measurements of 
bulk leaf ABA by GC-MS suggest ABA accumulation is too 
slow and short-lived to explain either the early closure or its 
persistence (Else et al., 1996). 

Analyses of solute levels in xylem sap have shown that 
total solute delivery into shoots from the roots is increased 
substantially by soil flooding (Jackson et al., 1996) although 
individual components of xylem sap constituents can 
decrease (e.g. ABA or nitrate) as well increase (e.g. ACC). 
Within this altered combination of chemical signals passing 
from flooded roots it remains possible that effectors of 
stomatal closure other than ABA may be involved. This 
could be as straightforward as a decrease in H

+
 export (a 

negative message). This lowering of sap pH by at least 0.5 
(Else et al., 1995a) would favour a redistribution of ABA 
into the apoplast, which has direct access to putative ABA 
receptors on the outer surface of stomatal guard cell plasma 
membranes (Hartung, Radin and Hendrix, 1988). It is also 
possible that an as yet unidentified anti-transpirant is 
present in xylem sap from flooded roots (Else et al., 1996). 

Gibberellin and cytokinin concentrations in xylem sap 
have been reported to decrease in flooded plants (Burrows 
and Carr 1969; Reid and Crozier, 1971). These findings 
require careful re-examination using modern approaches 
to hormone analysis (see Smit, Neuman and Stachowiak, 
1990) and handling of the interacting influences of flow rate 
on concentrations and delivery calculations. Until this is 
done, there is little that can be said concerning the possible 
impact of slower delivery of these hormones to shoots on 
sensitivity of guard cells to ABA, leaf and stem growth and 
leaf senescence. The more recent results of Smit et al. (1990) 
and Neuman, Rood and Smit (1990) do not encourage the 
view that root-sourced cytokinins are important regulators 
of leaf expansion and stomatal conductances, but further 
work is needed. 

CONCLUSIONS AND FORWARD -LOOK 

Poor aeration leading to oxygen shortage is one of the 
major abiotic stresses that determines the distribution of 
vascular plant species and the success of individual farm 
crops in many parts of the world. Thus, understanding how 
plants are damaged and the mechanisms they possess for 
adaptation to the stress is of significance both ecologically 
and economically. Such research also contributes to a basic 
understanding of the physiology, biochemistry and mol-
ecular biology of plants. Long-term survival of flooding and 
submergence by species well-adapted to waterlogged or 
aquatic conditions is achieved in two principal ways. Firstly, 
through anoxia escape and whole plant re-adjustments 
which make possible an impressive 'apparent' tolerance. 
This sustains high productivity in a major crop plant (rice) 
but also underpins the existence of 'wetlands' which 
comprise some of the most productive ecosystems in the 
world in terms of primary carbon assimilation (Maltby, 
1991). The second way in which tolerance by whole plants 
is achieved is through 'true' tolerance of anoxia. This is 
temporary for any given cell and variable in duration 

depending on species and organ. This true tolerance is 
underpinned by switches to alcoholic fermentation and 
other biochemical changes. However, the anaerobic path-
ways that distinguish the most tolerant from the less 
tolerant species, or organs, remain to be identified. 

Energy metabolism 

The metabolic generation of energy retains its primacy as 
the basis of the limited true anoxia tolerance exhibited by 
higher plants. Key findings in support of this view are (1) 
stimulating glycolysis with exogenous sugar can prolong 
survival (e.g. Webb and Armstrong, 1983). (2) The majority 
of anaerobic proteins (ANPs) are of enzymes involved in 
glycolysis and alcoholic fermentation (Sachs, 1993). (3) 
Hypoxic pre-treatments that prolong survival of anoxia do 
so in association with increases in glycolysis and fer-
mentation (e.g., Saglio et al., 1988). (4) Blocking the 
synthesis of ANPs at transcription compromises anoxia 
tolerance (Subbaiah et al., 1994; Vartapetian and 
Poljakova, 1994). (5) There is a threshold for ATP formation 
below which hypoxic enhancement of anoxia tolerance may 
not be possible (Xia et al., 1995). 

However, it is becoming clear that a substantial part of 
the metabolic basis of anoxia tolerance, including hypoxia-
induced acclimation, lies outside simple regulation of energy 
supply from available substrates. Clues to this include (a) 
the lack of a clear relationship between the extent of 
fermentation and anoxia tolerance in some instances (e.g. 
Raymond, Al Alni and Pradet, 1985), (b) lack of marked 
differences in energy metabolism between anoxia sensitive 
roots and more tolerant shoots (e.g. in rice), (c) the 
persistence of hypoxic acclimation even when fermentation 
is inhibited sufficiently to sharply decrease ATP levels (Xia 
et al., 1995). Furthermore, there are genetic factors in 
certain ADH1 null mutation lines of maize that allow these 
normally short-lived plants to survive anoxia for at least 
24 h (Sachs et al., 1996). To address these facets of tolerance, 
classical biochemical approaches are likely to be supplanted 
by indirect molecular methods. Use of progeny analysis and 
molecular markers can be expected to reveal the identity of 
genes that are critical for anoxia tolerance. Recent analyses 
of crosses between anoxia intolerant and normal maize lines 
(Sachs et al., 1996) and submergence tolerant and intolerant 
rice (Setter et al., 1996) suggest tolerance traits can segregate 
in a manner suggesting only a few genes specify tolerance. 
Their isolation, sequencing and identification is a promising 
avenue that will benefit basic understanding and facilitate 
the selection and breeding of crops with greater resilience to 
flooding. 

Anaerobic dormancy is a neglected area of research. 
Achieving long-term survival in a controlled, quiescent state 
underpins the perennial habit of a great many wetland 
plants. Some roots (e.g. willow) may achieve this state also. 
We know little of how available carbohydrate reserves are 
conserved by suppression of their breakdown (this takes 
place even in roots of flooded wheat seedlings, Albrecht and 
Wiedenroth, 1994). Similarly, little is known about how 
scarce ATP is distributed to different pathways and which 
are the key survival pathways (e.g. proton and mineral ion- 
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pumping, avoidance of cytoplasmic acidosis, protein syn-
thesis, suppression of breakdown of unsaturated fatty acids, 
hydroxyproline and sterols). This is the oxygen conforming 
strategy familiar to animal physiologists (Hochachka, 1991) 
and can be summed up as the mechanism by which non-
essential energy requiring processes are switched-off. The 
intriguing finding that certain strains of light-grown and 
photosynthetically competent arctic species can survive 
sudden imposition of anoxia at warm temperatures 
(Crawford, 1993) may repay attention possibly by taking a 
differential screening approach to locating the genes 
involved. Studies of the way in which release from anaerobic 
dormancy into a slow but important anoxic growth 
(Brandle, 1991) phase is achieved in spring also hold 
promise. There is also a need to understand the reasons why 
cell integrity is lost in certain species (e.g. potato and Iris 
germanica) when oxygen re-enters tissues after long-term 
anoxia (Pfister-Sieber and Brandle, 1994) and the roles in 
post-anoxic stress of oxidative free radicals and of acet-
aldehyde derived from ethanol. 

Perception of oxygen shortage and signal transduction 

How plant cells sense oxygen limitation and transduce this 
into changes in gene expression and events downstream of 
transcription is not known. These problems are, in principle, 
major challenges in other areas of plant science (e.g. plant 
hormone perception and action) and recent findings suggest 
that protons and calcium mediate in rapid transduction of 
the oxygen signal (Subbaiah et al., 1994) and that 
haemoglobin may also be involved as an intracellular 
carrier for oxygen (Appleby et al., 1988). Improving 
techniques for isolating receptors, characterizing trans-
acting DNA proteins that bind to regulatory sequences such 
as the anaerobic response element, measuring intra-cellular 
calcium, manipulating intra-cellular calcium by pharma-
cological means and by genetic engineering can be expected 
to generate valuable information in these areas. 

Developmental responses 

Considerations of energy metabolism alone cannot ex-
plain plant tolerance to flooding and submergence. De-
velopmental changes that enable anoxia to be avoided are 
essential, especially in the long term. Much is now known of 
hormonal mediation in submergence accelerated shoot 
extension (see Voesenek et al., 1992 for a review), but 
unresolved at present are the extent to which increased 
sensitivity to ethylene is as important as increased amounts 
of the hormone brought about by extra synthesis and/or 
entrapment by water. Recent sequencing of signal trans-
duction genes for ethylene in Arabidopsis (Ecker, 1995) 
creates opportunities for examining if submergence 
influences transcription of these genes in depth-accom-
modating species. Anaerobically-promoted shoot 
elongation is much less common and smaller in scale. 
However, the recent discovery of a large and prolonged 
anaerobic growth promotion in Potamogeton pectinatus 
(Summers and Jackson, 1994) should lead to renewed 
interest in this topic. Little is known of the related escape 
mechanism of aerenchyma formation other than in maize. 

Even here, tne enzymic and molecular basis of the cell 
lysigeny that creates the aerenchyma remains largely a 
mystery, as is hypoxia-induced increase in the production 
of the ethylene which promotes it. These gaps in the 
knowledge about how aerenchyma forms are surprising in 
view of the significance of the phenomenon for flooding 
tolerance and the current intense interest generally in the 
phenomenon of programmed cell death, or apoptosis (Vaux, 
Haecker and Strasser, 1994). Equally surprising is that the 
closing of stomata in flooded plants is still not explained. 
Attempts to implicate ABA or hydraulic changes as the 
signals generated by anaerobic roots are not persuasive 
(Else et al., 1995 b). Recent detection of as yet unidentified 
anti-transpirants in xylem sap of flooded plants (Else et al., 
1996) may lead to renewed progress. Success in confirming 
ACC as a positive message from flooded roots that raises 
shoot ethylene production and promotes epinastic curvature 
has led to identification of enzymic changes that soil 
flooding can induce in leaves within a short time. Increased 
ACC oxidase levels (English et al., 1995) suggest that 
systemic signalling from oxygen-deficient roots may change 
the pattern of gene expression, which in turn enhances the 
fitness of the shoot to overcome the deprivations imposed 
by malfunctioning roots. This work implies a remote control 
of gene expression in leaves by stressed roots, as anticipated 
by Neuman and Smit (1993). 
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ABSTRACT 

The establishment and further development of a novel branch of science in the field of ecological physiology, biochemistry and molecular 

biology, dedicated to plant life under hypoxic and anoxic stresses, is considered in the present review focusing upon s trategies of 

adaptation and injury exhibited by plants under hypoxia and anoxia. Taking into account that the results of investigations over the last few 

decades confirmed the conclusions about the existence of two general strategies for plant adaptation to hypoxic and anoxic stresses: (a) 

true tolerance realized at the molecular level due to cardinal rearrangement of cellular metabolism under conditions of oxygen deficiency 

or complete absence of oxygen, and (b) apparent tolerance that is brought about by avoidance of anaerobiosis thanks to long-distance 

oxygen translocation, the accumulated experimental information is considered and discussed mainly with respect to basic strategies. The 

physiological role of anaerobic proteins synthesized under conditions of hypoxia and anoxia as well as advances in molecular biology and 

molecular genetics in the study of regulation of synthesis of these proteins at the level of transcription, translation and post-translation are 

discussed. The key significance of energy (glycolysis and fermentation) and related processes of carbohydrate (mobilization and 

utilization of reserved carbohydrate) metabolism in plant metabolic adaptation to oxygen deficiency is stressed. Special attention is given 

to an earlier period of active investigations in this field that played a substantial role in the establishment and international recognition of 

this new biological discipline. The strategy of avoidance of anaerobiosis by long-distance oxygen translocation and some other aspects of 

plant life under hypoxia and anoxia will be considered in the following publication (Vartapetian, Sachs, Fagerstedt 2008). 

Keywords: anaerobic proteins, energy and carbohydrate metabolism, hypoxia and anoxia, molecular and genetics aspects, strategies of 

adaptation 

Abbreviations: ABA, abscisic acid; ADH, alcohol dehydrogenase; AEC, adenylate energy charge; ENO, enolase; GA, gibberellin; 

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate dehydrogenase; NMR, nuclear magnetic resonance; PDC, pyruvate 

decarboxylase; PHI, phosphohexose isomerase 
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INTRODUCTION 

The phenomenon of anaerobic stress experienced by intact  

plants or their parts under oxygen deficiency (hypoxia) or 

its complete absence in the environment (anoxia) is wide-
spread on our planet; sometimes, it results in the damage 
and even mass death of crops and wild flora, thus substan-
tially impairing the economy of various countries and the 
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environment. Most often, hypoxia and anoxia damage plant 
roots and seeds on transiently or constantly excessively wet and 
flooded soils, which occupy vast areas in various countries 
(Maltby 1991). Low solubility and low diffusion rate of 
molecular oxygen in water (Armstrong 1979) reduce sharply its 
availability for plants. Anaerobic conditions could arise also 
under other environmental conditions, on compact soils, for 
example (Smucker and Allmaras 1993), or in autumn and 
winter, when plants and soil surfaces are covered with the ice 
crust impermeable to air, as frequently happens in the zones of 
north and moderate climate (Andrews 1997). In connection with 
global climatic changes, new vast areas could be flooded due to 
thawing in the permafrost zone and polar ice, resulting in the 
increase in the world's ocean levels. Oxygen deficiency could 
also be anthropogenic in its origin, due to irrigation of 
agricultural areas (for example, Ram et al. 2004), under 
conditions of space flights, and also during long-term bulk 
storage of fruits, grains, or vegetables (Knee 1991). 

On excessively wet and flooded soils, plants suffer not only 
from oxygen deficiency but also from the accumulation of toxic 
organic and inorganic compounds in these soils (Ponnamperuma 
1984; Gambrell et al. 1991). 

Being aerobic organisms, plants respond sharply to oxygen 
deficiency. Crops, usually grown on dry aerobic soils, are most 
sensitive: when they are under conditions of oxygen deficiency, 
they are damaged and perish or adapt to these extreme 
conditions. Rice, one of the most important crops on the Earth, 
represents exclusion: it is mainly cultivated on flooded 
anaerobic soils (Swaminathan 1993). Nevertheless, even rice 
often suffers from oxygen deficiency, especially when its 
seedlings are completely submerged, as happens in East and 
South-East Asia (Jackson and Ram 2003). 

Strangely enough, in spite of the obvious importance of the 
problem of plant anaerobic stress, little attention was paid to its 
study unlike other extreme ecological factors (high and low 
temperature, soil salinity, drought and biotic stresses). 
Considerable changes took place only during the last few 
decades, when physiological, biochemical, molecular-biological 
and molecular-genetic aspects of plant hypoxia and anoxia 
became a topic of increased interest for numerous researchers in 
various countries and their studies resulted in substantial 
progress. Rapid development of this branch of science as a new 
scientific discipline in the field of ecological physiology, 
biochemistry started in the 1970s, when the problem became a 
topic for discussion at international scientific meetings and in 
numerous special publications. It should be mentioned that, as 
early as in 1980, the phenomenon of anaerobic stress was 
recognized by the international scientific society as an essential 
problem important for applied agronomy, forestry, and 
environment protection. 

It became evident that the efforts of scientists from various 
countries should be united and coordinated for more detailed 
and extensive studying of the problem. To this end, the 
International Society for Plant Anaerobiosis (ISPA) was 
founded. One of the principal topics discussed at the inter-
national symposium in the United Kingdom in 1992, which was 
organized by ISPA under the aegis of NATO in connection with 
the global climate warming (NATO Advanced Research 
Workshop, 1992), was directly related to the aftereffects of 
hypoxia and anoxia for plants. Two ISPA symposia (USSR in 
1985 and Iceland in 1992), financially supported by UNESCO, 
were destined wholly to plant anaerobic stress, similarly as two 
special international ISPA conferences were held in 2001 in the 
Netherlands under the aegis of the Green Cross, and in 2004 in 
Australia. Sixteen international meetings held in various 
countries and twelve comprehensive monographs and collected 
publications on plant life under anaerobic stress were the result 
of scientific and organizing activity of ISPA members 
(Vartapetian and Crawford 2007). 
 

 
BACKGROUND INFORMATION 

This section of the review mainly outlines the results of early 
studies, when active investigations were started, which led to the 
establishment of a new scientific discipline, dedicated to plant 
hypoxic and anoxic stresses. Before the discussion in the 
subsequent sections of the review the further development of 
investigations in the field of plant anaerobic stress and the current 
state of the problem, the authors would like to briefly summarize 
the basic advances of these early studies. Such an approach to the 
problem is significant for two reasons. First, a reminder of the 
sources of this new field of science will introduce the reader of 
this review to sense the logic of its further development. Second, 
in some cases, the results of these early studies gave an impetus and 
served as a cause for following active research and advances in 
the field of plant physiology, biochemistry, and molecular biology 
of plant anaerobic stress, which will be considered in subsequent 
sections of this review. 

Crawford's  metabolic theory 

In this connection, it should be primarily noted that, in this early 
period, active experimental investigations were performed, which 
led to two alternative concepts put forward simultaneously by 
Crawford (McManmon and Crawford 1971; Crawford 1977, 
1978) and by Vartapetian (Vartapetian et al. 1970, 1978; 
Vartapetian 1978). The metabolic theory of Crawford was the 
most accepted at that time. It was based on the investigation of 
alcoholic fermentation and the induction of alcohol 
dehydrogenase (ADH) synthesis in the roots and seeds of plants 
growing on flooded and dry soils. According to this theory, the 
flooding tolerance of hydrophytes is determined by biochemical and 
molecular properties of the cells of their roots and seeds, namely, 
these cells do not induce the activity of ADH and, thus, alcoholic 
fermentation and accumulation of toxic ethanol are 
substantially inhibited in them under the condition of oxygen 
deficiency. In contrast, mesophytes inhabiting dry soils activate 
sharply ADH and enhance alcoholic fermentation under anaerobic 
conditions, with subsequent ethanol accumulation and cell 
poisoning. In that time, as it was mentioned, metabolic theory was 
widely accepted and confirmed or supported by a number of 
researchers (Marshall et al. 1973; Francis et al. 1974; Larcher 1980; 
Moore 1982). It seemed likely that this theory was in good 
agreement with the results of earlier experiments of other 
researchers (Soldatenkov and Chirkova 1963), who also 
demonstrated high tolerance of root cells to anoxia in plants 
inhabiting flooded anaerobic soils (Scripus sylvaticus, Glyceria 
aquatica) that tolerated 6-7 day-long anoxia, whereas the roots of 
plants growing on aerated soils (potato Solanum tuberosum, kid-
ney bean Phaseolus vulgaris) manifested a much higher 
sensitivity to oxygen deficiency and perished after 24 h of 
anaerobiosis. 

Two principal strategies of plant adaptation to 
anaerobic stress and a key role of energy 
metabolism in plant tolerance to oxygen 
deficiency 

Strategy of avoidance of anaerobiosis 

The results of Vartapetian's studies (Vartapetian et al. 1970, 1978) 
contrasted with the statements of metabolic theory. In fact, an 
opposite paradoxical phenomenon was demonstrated: the roots of 
plants inhabiting flooded anaerobic soils did not exhibit 
hypertolerance to anaerobiosis but, in contrast, were hypersensitive 
to oxygen deficiency. They were even more sensitive than the roots 
of plants inhabiting dry aerobic soils. These results led to the 
conclusion that the capability of tolerant plants to grow on flooded 
anaerobic soils depended not on root cell metabolism as was stated 
by Crawford's theory, but on the capability of wetland plants 
in contrast to plants inhabiting dry soils, to avoid anaerobiosis 
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in roots due to long-distance oxygen transport from aerated shoots, i.e., we 

deal here not with true but with apparent tolerance (Vartapetian 1978). 

This conclusion was supported by physiological and biochemical studies 

(Webb and Armstrong 1983; Ap Rees and Wilson 1984) and also by long-

distance oxygen transport measurements by a polarographic technique and 

other methods (electron microscopy, chemiluminescence analysis, and 

mathematical modeling) performed by Armstrong (Armstrong 1964, 1969, 

1978, 1979) and Vartapetian (Vartapetian 1964; Vartapetian et al. 1970, 

1978) considered in the second part of this review (Vartapetian, Sachs, 

Fagerstedt 2008). These studies showed in particular that the aerenchymatous 

roots of hydrophytes (rice and some wild species) obtain sufficient oxygen 

from above-ground organs and even release it partially into the rhizosphere. In 

contrast, in the mesophyte studied (cotton, Gossypium hirsutum L.), the 

proportion of oxygen transported from shoots to roots of 22-26 day old plants 

comprised only about 7% of roots' oxygen requirement in aerobic 

environment (Nuritdinov and Vartapetian 1981). Therefore, they perished on 

flooded soils when they could not develop secondary adventitious roots with a 

well-developed aerenchyma. 

As it will be obvious also from the second part (Vartapetian, Sachs, 

Fagerstedt 2008) of this review, the following comprehensive studies of 

aerenchyma formation and oxygen translocation in wetland and non-wetland 

plants confirmed and substantially developed the above-mentioned 

observations. 

Strategy of metabolic adaptation to anaerobiosis 
and key role of energy and related processes of 
carbohydrate metabolism 

During this early period, notable progress was achieved also in the studies of 

metabolic adaptation to anaerobic stress, i.e. true tolerance to anaerobiosis, 

which is realized under the condition of deficiency or complete absence of 

oxygen. For this aim the technology of feeding of detached organs of rice 

seedlings with an exogenous glucose (Vartapetian et al. 1976) was used to 

stimulate glycolysis and fermentation under anoxic conditions. This permitted 

to demonstrate the key role of energy metabolism in the development of 

plant-cell tolerance to anoxia because such activation of glycolysis and 

alcoholic fermentation substantially improved cell tolerance even to strict 

anoxia. Just in these studies, it was demonstrated that extraordinary tolerance 

to the absence of oxygen of rice coleoptiles, which maintained an intact cell 

ultrastructure, including potentially physiologically active mitochondria 

(Costes and Vartapetian 1978), during many days of anaerobic growth, was 

lost when coleoptiles were detached from the seeds and exposed to 

anaerobiosis (Vartapetian et al. 1976). However their tolerance to anoxia 

could be restored when substrate transport from the seed was imitated by 

feeding of detached coleoptiles with exogenous substrate by incubation in 

0.5% solution of glucose to maintain and stimulate glycolysis and alcoholic 

fermentation (Vartapetian et al. 1976). 

It became evident that a phenomenal property of rice seeds to germinate 

under strict anoxia is explained by their capability to mobilize and transport 

seed storage compounds (starch) even under a complete absence of oxygen 

in the environment, thus supporting active glycolysis and alcoholic 

fermentation in the coleoptile cells. In this case, rice seeds, unlike roots, 

manifested true but not apparent tolerance to anoxia. 

Thus, the above-mentioned studies for the first time demonstrated the 

key role both of energy metabolism (glycolysis and fermentation) and 

adequate substrate provision by mobilization and utilization of reserved 

carbohydrates, to support and stimulate long-term energy metabolism and 

plant adaptation to anaerobic stress (Vartapetian et al. 1976, 1978). As will be 

discussed in the next section of this review, detailed subsequent studies of  

 

 

 

the  mechanisms of mobilization of reserved carbohydrate of rice 

seed under anoxia (Perata et al. 1997; Loreti et al. 2003a, 2003b), long-term 

tolerance to anoxia of wetland plant rhizomes (Brandle 1991; Aragaus and 

Brandle 2000) and rapid underwater growth of some hydrophytes (Summers 

et al. 2000; Sato et al. 2002; Voesenek et al. 2003; Harada et al. 2005) 

substantially confirmed the above-mentioned conclusions. 

In general, the studies described above, on the one hand, demonstrated an 

incorrect statement of Crawford's metabolic theory about plant injury and 

adaptation under conditions of anaerobic stress. On the other hand, based 

upon (a) a paradoxical phenomenon of hypersensitivity but not hypertolerance 

to oxygen deficiency of the roots of food tolerant rice (Vartapetian et al. 1970; 

Vartapetian 1978), (b) a facilitated oxygen transport from shoots to roots of 

these plants (Armstrong 1969; Vartapetian et al. 1970; Armstrong 1978; 

Vartapetian et al. 1978), and (c) a key role of energy and related processes of 

carbohydrate metabolism in the hypertolerancy of anaerobically grown rice 

coleoptiles (Vartapetian et al. 1976, 1978), the concept of two principal 

strategies of plant adaptation to anaerobic stress was put forward (Vartapetian 

1978). These strategies are (1) metabolic adaptation to deficiency or complete 

absence of oxygen realized at the molecular level, i.e., true tolerance and (2) 

adaptation at the level of the whole plant due to long-distance oxygen 

transport from aerated parts to the organs located in the anaerobic 

environment (roots, rhizomes), i.e., avoidance of anaerobiosis, or apparent 

tolerance. In the case of true tolerance, the importance of seed stored 

carbohydrate (starch) mobilization and utilization was especially emphasized 

(Vartapetian et al. 1976). The products of starch hydrolysis are used in 

glycolysis and alcoholic fermentation, thus providing for long-term tolerance 

of germinating rice seeds to anaerobic stress. Nevertheless, in spite of the fact 

that Crawford's theory turned out to be inconsistent, it stimulated an active 

discussion and experimental verification of its basic statements. As a result, 

more complete information was obtained about plant adaptation and damage 

under oxygen deficiency. Hence, Crawford's metabolic theory was beneficial 

from this point of view. 

As will be seen from further discussion, subsequent investigations of 

the physiological role of anaerobic proteins and the phenomenon of plant 

hypoxic acclimation to anoxia considerably supported the notions about a 

key role of energy and related processes of carbohydrate metabolism in plant 

tolerance to anaerobic stress. 

In that early period the formation of specific anaerobic stress protein in 

plants was also demonstrated (Maslova et al. 1975; Sachs et al. 1980). It was 

shown by gel electrophoresis that rice coleoptiles actively growing under 

strict anoxia comprised seven specific proteins, which were absent in 

aerobically grown coleoptiles (Maslova et al. 1975). When aerobically 

grown rice coleoptiles were transferred to anoxic conditions, anaerobic 

proteins also appeared in them. At that time, the physiological role of these 

stress proteins was not clear, except for one of them, ADH, whose activity 

increased substantially during lasting anaerobic incubation of coleoptiles. 

Based on the above results the authors concluded that "anoxia causes 

qualitative and quantitative reconstruction of protein metabolism" (Maslova 

et al. 1975). In subsequent years, the synthesis of stress proteins in plants was 

virtually demonstrated under all ecological stresses (high and low 

temperature, salinity, water stress, biotic stress) (Sachs and Freeling 1978; 

Sachs et al. 1980; Altschuler and Mascarenhas 1982; Sachs and Ho 1986; 

Ho and Sachs 1989). Sachs et al. (1980) demonstrated the selective synthesis 

of 20 anaerobic stress proteins in oxygen-sensitive maize roots. Synthesis of 

anaerobic proteins was also detected in seedlings of Echinochloa species 

(Mujer et al. 1993), whose seeds, like those of rice, germinate under anoxia. 

In addition, experiments by Mocquot et al. (1981) showed that both proteins 

and DNA were synthesized in rice coleoptiles under anaerobic conditions. 

As will be seen in the next section of this review, the  
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expression of genes encoding anaerobic proteins, the control of 
their synthesis at the transcription, translation, and posttranslation 
levels, as well as the functional role of anaerobic proteins in plant 
adaptation to oxygen deficiency were studied in detail in 
subsequent years in a number of research groups, especially in 
relation to the phenomenon of hypoxic acclimation. In the case 
when their identification was successful they turned out to be 
mainly the enzymes of glycolysis and fermentation as well as of 
related processes of carbohydrate metabolism and aerenchyma for-
mation. 

In this period, an important discovery with far-reaching 
consequences was made by Davies et al. (1974) in experiments 
with cell-free extracts from pea Pisum sativum var. 'Alaska' seeds. 
These authors followed the kinetics of lactic and alcoholic 
fermentation after plant transfer from an aerobic to an anaerobic 
environment, which permitted them to put forward a pH-stat 
theory (Davies 1980). As will be discussed in the second part of 
this review this direction was greatly activated by the use of 
nuclear magnetic resonance (NMR) (Roberts et al. 1982, 1985; 
Fox et al. 1995; Ratcliffe 1997; Felle 2005). It is believed that 
cytoplasm acidification and the control of this process are the 
mechanisms responsible for plant injury and adaptation under an-
aerobic stress. 

Just in this period, active studies were started in the Pradet 
laboratory on the energy status of plants under conditions of 
oxygen deficiency (Pradet and Bomsel 1978). They successfully 
applied a technique allowed to measure the cell energy charge as 
a criterion of cell energy status under hypoxia and anoxia. In 
particular, regular and sharp modulation of energy charge depending 
on cell supply with oxygen was demonstrated. The investigations 
performed later by Pradet and coworkers showed a high 
efficiency of this approach for studying the effects of hypoxia 
and anoxia on plants (Saglio et al. 1980, 1988, 1999). In particu-
lar, they showed that, when maize root tips were transferred 
from aerobic to anaerobic environment without feeding with 
exogenous glucose, AEC (ATP+0.5 ATP/(ATP+ ADP+AMP) 
dropped from 0.9 to 0.2 as soon as in 30 min, whereas when root 
tips were then fed with glucose under lasting anoxia, the value of 
AEC immediately increased to 0.6 at simultaneous acceleration of 
lactic and ethanolic fermentation. 

Other research teams were also successfully engaged in the 
problem of anaerobic stress. Some of their results were presented in 
the First International Symposium on Plant Anaerobiosis, and 
later they were included as separate chapters in the book edited 
by Hook and Crawford (1978). Among them, important studies of 
Gambrell and Patric (1978) and Ponnamperuma (1984), who 
investigated in detail the properties of flooded anaerobic soils, 
chemical and microbiological conversions in them, and also the 
distribution in such soils of the zones differing in their capability 
of oxidation/reduction are worth mentioning. 

Ethylene evolution and its physiological role in plant 
adaptation to hypoxia and anoxia were actively studied in this 
period by Jackson's group (Jackson and Gambrell 1975; 
Jackson et al. 1978) and Kawase (1981). 

Thus, reports in the First International Symposium on plant 
anaerobiosis and the chapters in the aforementioned book edited 
by Hook and Crawford, on the one hand, reflected the state of our 
knowledge in the early period of the establishment of this new 
scientific discipline. On the other hand, the results of these early 
studies gave an impetus to a swift break-through in this science 
field resulted in the formation of the International Society for 
Plant Anaerobiosis (ISPA), whose members played an important 
role in the further development and international recognition of 
this new scientific discipline. 

Further sections of this review deal with the results of more 
recent investigations and the current state in this field of science. 
They are based on the concept on two main strategies of 
plant adaptation to anaerobic stress (Vartapetian 1978) that is  
now widely  accepted (Brӓndle  1991; Waters et al. 1991;  

 
 
 

 
 
 

 
Vartapetian and Jackson 1997; Jackson and Armstrong 1999; 
Saglio et al. 1999): metabolic adaptation, i.e., true tolerance, 
which is determined by major rearrangements of mainly 
proteins, carbohydrates, and energy metabolism, and which plays 
a critical role in plant adaptation to hypoxia and anoxia, and the 
strategy of avoidance of anaerobiosis due to long-term oxygen 
transport, i.e., apparent tolerance. Correspondingly, in the first 
part of this review the metabolic adaptation to anaerobic stress is 
discussed while in the second part we are going to focus mainly on 
the avoidance strategy and some other aspects of plant hypoxia 
and anoxia. 

MOLECULAR GENETICS ASPECTS OF PLANT 
ANAEROBIC STRESS 

Molecular studies of the maize anaerobic response 
stemmed from the extensive analysis of the maize ADH system 
by Drew Schwartz and coworkers (reviewed in: Freeling and 
Birchler 1981; Freeling and Bennett 1985; Gerlach et al. 1986). 
Hageman and Flesher (1960) were the first to show that ADH 
activity increases in maize seedlings as a result of flooding. 
Freeling (1973) later reported that ADH activity increased at a 
zero order rate between 5 and 72 hours of anaerobic treatment, 
reflecting a simultaneous expression of two unlinked genes, ad1 
and adh2. By producing ADH null mutations, Schwartz 
(1969) showed that ADH activity is essential for the survival of 
maize seeds and seedlings during flooding. Normal seedlings 
survive ~3 days of anoxia (Schwartz 1969; Lemke-Keyes and 
Sachs 1989b), while ADH nulls only survive a few hours of 
flooding. ADH is the major terminal enzyme of fermentation in 
plants and is responsible for recycling NAD+ during anoxia. 

Most animal cells are very sensitive to anoxia. One reason for 
this is that animals rely solely on lactic acid fermentation, since 
they lack the enzyme pyruvate decarboxylase (PDC), which 
catalyzes a necessary intermediate step in ethanol fermentation. 
A model proposed by Davies (1980) postulates that there is a 
tight regulation of pH stat to prevent cytoplasmic acidosis 
during anoxia in plants. Initially upon anaerobiosis, lactate 
dehydrogenase (LDH) is active causing a drop in cytoplasmic pH 
with the accumulation of lactic acid. However, as the pH 
drops LDH (which has a relatively high pH optimum) activity 
decreases while PDC (which has a relatively low pH optimum) 
activity increases (Laszlo and Lawrence 1983). Thus, it is 
proposed that after a short period of oxygen deprivation, ethanol 
fermentation would predominate. This hypothesis was supported 
by NMR studies (Roberts et al. 1984a, 1984b, 1985, 1992). Thus, 
as in animal cells, maize ADH null mutants, might rely only on 
LDH for recycling NAD+ and succumb to cytoplasmic acidosis. 
Alternatively, a plant that is ADH-null may accumulate toxic 
levels of acetaldehyde, the substrate for ADH produced by the 
enzymatic reaction catalyzed by PDC. Hence, the occasion of 
high sensitivity of maize ADH- null mutants to oxygen defici-
ency, demonstrated in experiments of Schwartz (1969) could 
be accumulation of toxic levels of acetaldehyde or cytoplasmic 
acidosis. 

While some minimum level of ADH activity appears to be 
required for any flooding tolerance, natural variation observed in 
long-term seedling survival of anaerobic stress does not appear to 
be correlated with variation in the levels of ADH activity (Lemke-
Keyes and Sachs 1989b). In their study, more than 400 ADH+ 
maize lines were examined, and variation in flooding tolerance 
found among these lines was from 2 to 6 days. Selected lines, 
showing variation in flooding tolerance, also varied in induced 
ADH activity levels over a 5 fold range, but there was no 
apparent relationship between these two traits (Lemke-Keyes and 
Sachs 1989b). A mutation (atn1-; Lemke-Keyes and Sachs 
1989a), that allows ADH null seedlings to survive 24 hours of 
anoxia, may allow further understanding of the role of ADH in 
flooding tolerance. 
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The anaerobic response 

The maize anaerobic response is analogous to the heat-shock 
response observed in many organisms, including plants. There 
is a repression of pre-existing protein synthesis and de novo 
synthesis of a new set of proteins (Sachs and Freeling 1978; 
Sachs et al. 1980; Ferl et al. 1979; 1980; Rowland and 
Strommer 1986; Bailey-Serres et al. 1988; Dennis et al. 1989; 
Russell and Sachs 1989; Webster et al. 1991; Russell and Sachs 
1992; de Vetten and Ferl 1995; Manjunath et al. 1999; Subbaiah 
and Sachs 2001). Except for one possible overlap, anaerobiosis 
induces a different set of proteins in maize than does heat shock 
(Sachs et al. 1980; Kelley and Freeling 1982; Cooper and Ho 
1983). Regulation of both transcription and translation appear to 
be involved in the anaerobic stress response (Sachs et al. 1980; 
Dennis et al. 1988b). This is most likely a plant's natural 
response to flooding. 

In an early study (Lin and Key 1967), anaerobic treatment 
was shown to cause a near complete dissociation of polysomes 
and a rapid repression of protein synthesis in soybean roots. 
Anaerobic treatment of maize seedlings also disrupts polysomes 
(Bailey-Serres and Freeling 1990). This phenomenon was shown to 
result in a redirection of protein synthesis (Sachs et al. 1980; 
Russell and Sachs 1992) in maize, and soybean (Russell et al. 
1990). As is the case in many heat-shock systems (c.f., 
Schlesinger et al. 1982) maize seedlings subjected to anoxia 
(e.g., an argon atmosphere) display an immediate repression of 
pre-existing (aerobic) protein synthesis along with the 
induction of a new set of proteins (Sachs et al. 1980). Post-
translational regulation of initiation factors and ribosomal proteins 
by reversible phosphorylation appears to play a role (Webster et 
al. 1991; Perez-Mendez et al. 1993; Manjunath et al. 1999) in 
addition to the structural determinants in the untranslated regions 
of mRNA (Bailey-Seines and Dawe 1996). Other post-
translational changes leading to apparent new isozymes of 
proteins have also been reported to occur under anoxia (Chang 
et al. 2000; Subbaiah and Sachs 2001). 

In maize seedlings, the induction of anaerobic polypeptide 
synthesis occurs in two phases. In the first 5 hours of anaerobic 
treatment there is a transition period during which there is a 
rapid increase in the synthesis of a class of polypeptides with an 
approximate molecular weight of 33 kDa. These have been 
referred to as the transition polypeptides (TPs). After 
approximately 90 minutes of anoxia, the synthesis of an additional 
group of ~20 polypeptides is induced. This group of 20 anaerobic 
polypeptides (ANPs) represents greater than 70% of the total labeled 
amino acid incorporation after 5 hours of anaerobiosis. By this 
time, the synthesis of the TPs is at a minimal level; however, 
these polypeptides accumulate to a high level during early 
anaerobiosis and have been shown by pulse-chase experiments to 
be very stable. The synthesis of the ANPs continues at a constant 
rate for up to ~72 hours of anaerobic treatment, depending on 
which maize line is being examined. After 72 hours, protein 
synthesis decreases concurrently with the start of cell death 
(Sachs et al. 1980). In similar experiments, it was shown that 
the rate of amino acid uptake in the anoxic root was about half 
that of the aerobic control, while incorporation into polypeptides 
was reduced to 1% (Russell 1990). Similar effects of anoxia on 
amino acid uptake and incorporation were also observed in rice 
roots (Mocquot et al. 1981). 

Hypoxia (low oxygen) has been found to cause induction of 
the ANPs in maize primary roots, but does not cause the 
complete repression of pre-existing protein synthesis. Significant 
levels of "aerobic" protein synthesis are still observed at O2 
concentrations as low as 0.2% (Kelley and Freeling 1982). In 
addition, a novel set of polypeptides, not normally observed under 
aerobic or anaerobic conditions, is synthesized under hypoxic 
conditions (Kelley and Freeling 1982). Paul and Ferl (1991a) tested  

 
 
 
 

 
 
 
the effects of different concentrations of O2 (15, 10, 5 and 0%) on  
ADH1 and ADH2 transcript accumulation. They found that 15% 
O2 will induce transcript levels by ~4-fold while lower 
concentrations have a more dramatic effect. The largest effect 
was seen in the 0% samples. Submergence of seedlings in a 
flooding solution, or treatment with 0.2% O2 appears to have the 
same effect on ADH activity and transcript levels as true anoxia 
(e.g., an argon environment; Russell 1990). 

Most of the anaerobic proteins (ANPs) identified were found 
to be enzymes of glycolysis or sugar-phosphate metabolism; 
such as aldolase (Kelley and Freeling 1984b; Kelley and Tolan 
1986), pyruvate decarboxylase (Kelley 1989; Kelley et al. 
1991), enolase (Lal et at. 1998), glucose-6-phosphate isomerase 
(Kelley and Freeling 1984a), glyceraldehyde-3-phosphate 
dehydrogenase (Russell and Sachs 1991), sucrose synthase 
(Springer et al. 1986), and alcohol dehydrogenase (Freeling 
1973). 

In light of the inability of maize seedlings to survive even 6 
hours of flooding in the absence of an active adhl gene 
(Schwartz 1969) or pdc3 gene (Cui et al. 2000), it appears that 
at least one function of the anaerobic response is to enable the 
plant to produce as much ATP as possible when there is an 
oxygen deficit, as would occur in waterlogged soils. 

In the presence of air, roots, coleoptile, mesocotyl, 
endosperm, scutellum, and anther wall of maize all synthesize a 
tissue-specific spectrum of polypeptides. Most organs (e.g., the 
scutellum and endosperm of the developing kernel) actually 
synthesize many or all of the ANPs constitutively, along with 
many other proteins under aerobic conditions (Okimoto et al. 
1980). Only the root tissue of mature plants and seedlings and 
other pre-emergent seedling organs (e.g., the coleoptile) show a 
dramatic increase in the level of synthesis of the ANPs by 
anaerobic induction. This has also been observed in maize 
tissue culture (J.C. Woodman, pers. comm.) and while most 
culture strains tested have high constitutive levels of the ANPs 
under aerobic conditions, one particular culture strain (P3377) 
actually displays anaerobic induction (Duncan et al. 1985; Paul 
and Ferl 1991a, 1991b). On the other hand, maize leaves that have 
emerged from the coleoptile do not incorporate labeled amino acids 
under anaerobic conditions, and do not survive even a brief 
exposure to anaerobiosis (Okimoto et al. 1980). 

The maize primary root tip is also very sensitive to anoxic 
treatment, surviving only a few hours in the absence of oxygen. 
However, it has been shown (Saglio et al. 1988) that a hypoxic 
pretreatment allows longer-term survival of the root tip under 
anoxia. In contrast, the more proximal part of the primary root 
axis and the preemergent shoot (i.e., those with an intact 
coleoptile) can survive anoxia for a few days without a 
hypoxic pretreatment (Sachs et al. 1980). 

The phenomenon of plant metabolic acclimation to anoxia 
was demonstrated by Andrews and Pomeroy (1981, 1983). They 
flooded winter wheat plants at low temperature (2°C) and 
demonstrated a considered improvement of their tolerance to 
anoxia when plant surface was covered with the ice crust 
impermeable for gases. It was also shown that plant preliminary 
flooding resulted in the substantial activation of the enzymes of 
anaerobic respiration, PDC and ADH, and also in the notable 
improvement of the cell energetic status and acceleration of 
fermentation. Andrews (1997) considers such pretreatment as 
hypoxic acclimation. Later, the occurrence of hypoxic 
acclimation was confirmed, and until now, this approach is 
widely used by many researchers in diverse physiological, 
biochemical, and molecular-biological studies. 

This phenomenon was confirmed in experiments with various 
plant species. Thus, when maize root tips were incubated at a low 
partial oxygen pressure (2-4 kPa) at 20-25°C for 18 h, root 
resistance to subsequent anoxia was greatly increased (Saglio et al. 
1988). Such roots could tolerate 22-h anoxia, whereas control roots of 
the same plants (without hypoxic treatment) perished in 7 h of anoxia. In 
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experiments of Johnson et al. (1989), maize roots retained the 
capacity to grow even after 90-h anoxia when they were 
preliminary exposed to hypoxic conditions, whereas they lost this 
capacity after 24-h anoxia without such a pretreatment. Similar 
results were obtained by other researchers as well in 
experiments with maize and tomato roots (Hole et al. 1992; 
Andrews et al. 1993; Germain et al. 1997). 

It is worth mentioning that maize roots pretreated with hypoxia 
had a higher rate of anaerobic respiration, an increased 
concentration of ATP in tissues, a higher level of energy 
metabolism, and a higher ATP/ADP ratio. Even in wheat seedling 
roots, which are extremely sensitive to oxygen deficiency, 
hypoxic pretreatment of detached root tips or the roots of intact 
seedlings activated substantially the enzymes of alcoholic 
fermentation, increased the rate of aerobic respiration, and 
improved root tolerance to anaerobic stress (Waters et al. 1991). 

The shift in the pattern of protein synthesis due to anaerobiosis 
has been observed in many other plant species including rice 
(Maslova et al. 1975; Bertani et al. 1981; Pradet et al. 1985; 
Ricard and Pradet 1989), Arabidopsis (Dolferus et al. 1985), 
soybean (Russell et al. 1990), Echinochloa (Mujer et al. 1993), 
cotton (Millar and Dennis 1996), tomato (Germain et al. 1997) 
and Potamogeton (Dixon et al. 2006). In anaerobically treated 
barley aleurone and root cells, LDH activity increases (Hanson 
and Jacobsen 1984; Hoffman et al. 1986) as do ADH mRNA 
and activity levels (Hanson et al. 1984). In the barley system, the 
gibberellic acid (GA3) induction of α-amylase synthesis and its 
mRNA accumulation is suppressed by anaerobiosis. The 
"anaerobic" pattern of protein synthesis is perturbed only slightly 
by GA3 when aleurone cells incorporate labeled amino acids in a 
nitrogen atmosphere (Hanson and Jacobsen 1984). A maize 
genomic sequence with homology to a barley cDNA encoding 
LDH has also been described (Hondred and Hanson 1990; Good 
and Paetkau 1992). 

Identification and characterization of the genes 
involved in the anaerobic response 

Cloned anaerobic-specific cDNAs were identified by differential 
hybridization to recombinant bacterial colonies using 
radiolabeled cDNAs of mRNA from anaerobic and aerobic roots 
(Gerlach et al. 1982). The anaerobic-specific cDNA clones were 
grouped into families on the basis of cross hybridization to 
each other, and several of these families were analyzed by 
hybrid-selected translation and by RNA gel blot (Northern) 
hybridization. The ADH1 and ADH2 cloned cDNA families were 
subsequently identified (Gerlach et al. 1982; Dennis et al. 
1985). These cDNA clone families and the genes encoding 
them were then analyzed extensively (Dennis et al. 1984, 1985; 
Sachs et al. 1986; Peschke and Sachs 1994). 

The anaerobic-specific cDNA clones were used as probes 
to measure gene expression in maize seedling roots and shoots. In 
both tissues, the levels of mRNA hybridizable to these cDNAs 
increase during anaerobic treatment (Peschke and Sachs 1994; 
Russell and Sachs 1989). This has been quantified rigorously in 
the case of ADH1 and ADH2. The kinetics of mRNA increase 
is the same for adh1 and adh2. In both cases, the mRNA level 
first appears to increase at 90 minutes of anaerobic treatment. 
The mRNA level continues to increase until it plateaus at ~50 fold 
above the aerobic level at 5 hours of anaerobiosis. This level is 
maintained until after 48 hours in the case of adh1 but starts 
declining after 10 hours in the case of adh2 (Dennis et al. 
1985). This pattern of mRNA level increase and decrease is 
reflected in the previously described rates of in vivo anaerobic 
protein synthesis for ADH1 and ADH2 (Sachs et al. 1980). PDC1 
and PDC2 also appear to have similar kinetics of mRNA level 
increase (Peschke and Sachs 1993), as does inducible cytosolic 
GAPDH (Russell and  Sachs  1989, 1991, 1992; Manjunath and 
Sachs 1997), PHI1 (Lal and Sachs 1995), and ENO1 (Lal et al. 
1991, 1994, 1998). However, aldolase (Hake et al. 1985; Kelley  

 
 
 

 
 

 
and Tolan 1986; Dennis et al. 1988a), sucrose synthase 
(ANP87; Hake et al. 1985; Springer et al. 1986), PDC3 
(Peschke and Sachs 1993; Cui et al. 2000) and two other 
anaerobically inducible mRNAs (Peschke and Sachs 1994) show 
different kinetics of induction. In vitro run-off transcription 
experiments show an increase in transcription rate of the adh1 
and adh2 genes in root cells (Rowland and Strommer 1985, 
1986; Dennis et al. 1988b) and P3377 tissue culture (Paul and 
Ferl 1991 a) during anoxia, strongly indicating that the increase in 
the levels of anaerobic-specific mRNAs resulting from 
anaerobiosis is due to induced transcription of the anaerobic-
specific genes. All of these anaerobically inducible genes have 
been mapped to their chromosomal locations by RFLP analysis 
(c.f., Peschke and Sachs 1994; Subbaiah and Sachs 2003). 
Many additional anaerobically induced genes are being identified by 
microarray analyses (Branco-Price et al. 2005; Gonzali et al. 
2005). 

A comparison of the regions of the adh1 and adh2 genes 
upstream from the site of transcription initiation reveals only a 
few islands of homology (Dennis et al. 1985). Promoter analyses of 
these two genes revealed a particular nucleotide sequence that has 
been called the "anaerobic response element" (ARE). Its core 
nucleotide sequence is GGTTT (Walker et al. 1987b). Upstream 
sequences homologous to the "ARE" detected by Walker et al. 
(1987a) are found in both the adh1 and adh2 genes of maize, an 
adh1like gene from pea (Llewellyn et al. 1987), the adh gene of 
Arabidopsis thaliana (Chang and Meyerowitz 1986), and also 
in the anaerobically inducible genes encoding sucrose synthase and 
aldolase in maize (for a review, see Walker et al. 1987b). 
However, the region containing the "ARE" from the maize 
adh2 gene was found to be incapable of driving anaerobic 
induction (Walker et al. 1987a), and a region that is homologous 
to the "ARE" has been found upstream from a maize gene 
encoding a constitutive GAPDH (gpc1), whose expression 
actually decreases during anaerobic treatment (Martinez et al. 
1989; Russell and Sachs 1989). Additionally, several other 
genes, which are not at all related to the anaerobic response, have 
been noted to have similar "ARE" sequences in similar positions 
(Russell and Sachs 1991). Reports by Paul and Ferl 
(1991a) and Olive et al. (1991) indicate that the "ARE", and 
protein factors binding to it, may be necessary but not sufficient for 
hypoxic activation of gene expression. It may be that the region 
called the "ARE" is actually a general enhancer element and not 
the anaerobic analog of the heat-shock response element (Pelham 
and Bienz 1982). 

Genes involved in flooding tolerance 

Initially, the only genes described in plants that are induced by 
oxygen deprivation (anoxia or hypoxia) encoded enzymes of 
glucose-phosphate metabolism (mostly glycolysis and 
fermentation), and thus apparently function to allow limited 
energy production in the face of limited oxygen supply (Sachs 
1993, 1994; Subbaiah and Sachs 2003). However, some genes 
involved in responses to flooding-stress in plants have been 
discovered that appear to function outside the glycolytic 
pathway. 

Anoxia-tolerance gene(s) identified from the 
analysis of natural variation in maize 

Anaerobic stress can significantly reduce survival or growth 
of germinating maize seedlings in waterlogged soils. The majority 
of maize genotypes survive up to 3 days of anaerobic treatment 
at 27°C. On the other hand, mutants that are null for ADH 
activity only survive a few hours of anoxia. We screened 
several hundred inbred and exotic maize lines for their 
tolerance to  anoxia.  Nine exotic acces sions showed 
greater  tolerance to  anaerobic stress, as they survived 
f i ve  to  s i x  d a ys  o f  an a ero b ic  t r ea t men t  a t  2 7 °C.  In  
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addition, three inbred lines were found to be significantly less 
tolerant to anaerobic conditions, surviving only two days 
(Lemke-Keyes and Sachs 1989b). Results of crosses between the 
anaerobic tolerant accessions with one anoxia sensitive inbred line 
(Mo2OW) and a "normal" inbred line (B73Ht) show that the anoxia 
tolerance trait(s) is dominant and shows very simple 
segregation. This indicated that only one or two genes are 
involved in each accession. 

Submergence tolerance gene in rice 

An indica rice cultivar (FR13A) has been found to be very tolerant 
of flooding and has been found to survive up to two weeks of 
complete submergence (Mazaredo and Vergara 1982; Mackill et 
al. 1993). A major quantitative trait locus responsible for this 
tolerance, designated Submergence 1 (Sub1), was mapped near 
the centromere of chromosome 9 (Xu and Mackill 1996). This 
locus was isolated and found to include a cluster of three genes at 
the Sub 1 locus, encoding putative ethylene response factors. Two 
of these genes, Sub1B and Sub1C, are conserved and a single 
allele of each is present in the Sub1 region of all rice accessions 
analyzed (including those not tolerant to complete submergence). In 
contrast, the presence of Sub1A is variable. An allele called 
Sub1A-1 is found only in tolerant cultivars (e.g., FR13A) and 
another allele called Sub1A-2 was found in non-tolerant cultivars 
(Xu et al. 2006). Further analyses of this gene show that the Sub1 
region haplotype determines ethylene- and gibberellic acid-
mediated responses to submergence through differential 
expression of Sub1A and Sub1C. Submergence tolerance in 
Fr13A conferred by the Sub1A-1 allele which dampens ethylene 
production and GA responsiveness, resulting in reduced 
growth during submergence that correlates with the capacity for 
recovery and continued growth when the flood water falls and 
the shoot is again exposed to air (Fukao et al. 2006). Over-
expression of Sub1A-1 in a submergence-intolerant japonica 
cultivar conferred enhanced tolerance to the plants (Xu et al. 
2006). 

Analysis of the signal transduction pathway 
leading to the anaerobic response 

The genes encoding the ANPs (e.g., ADH) are rapidly turned 
on by oxygen deprivation (including mild hypoxia) and rapidly 
turned off by reoxygenation (Wignarajah and Greenway 1976; Paul 
and Ferl 1991). Such a response implicates a fast and precise O2-
sensing system operating in plant cells. However, very little is 
known about how plants sense the changes in O2 availability and 
how this information is translated into an adaptive response. There 
is some evidence for the involvement of phytohormones such as 
ethylene (e.g., Jackson 1985; He et al. 1994) and ABA (e.g., 
Zhang and Davies 1987; Hwang and Van Toai 1991) as 
intercellular or long distance signals during anoxia (Drew 
1990). However, the intracellular pathway of O2 sensing is only 
beginning to be understood. The maize anoxic response is well 
characterized at the molecular level and hence provides a useful 
model to further our understanding of abiotic stress signaling in 
plants. 

Involvement of calcium ions in the signal 
transduction pathway leading to the anaerobic 
response 

Deprivation of O2 leads to disturbances in the ionic balance of 
plant cells, reflecting energy depletion and membrane 
depolarization. These transient changes, particularly in Ca2+ 
and H+, are immediately recognized, amplified and finally 
translated into long-lasting biochemical and physiological responses 
by plant cells. Among the ionic changes induced by anoxia, 
alterations in cytosolic pH have been studied extensively. 
Preliminary evidence was presented for the triggering role of pH  

 

 

in metabolic adaptation (Roberts et al. 1984; Fox et al. 1995). 
Gene expression and physiological changes in response to 02 
deprivation were shown to be preceded and signaled by an 
elevation of cytosolic Ca2+ in maize seedlings and cultured cells 
(Subbaiah et al. 1994a. 1994b). Studies have shown that changes 
in cytosolic Ca2+ are crucial for gene expression and physiological 
responses induced under O2 deprivation in maize (Subbaiah et al. 
1994a, 1994b). 

The origin of the calcium signal was traced, as a part of an 
attempt to elucidate the nature and intracellular location of the 
oxygen sensor. Being the primary site of oxygen consumption, it 
was thought the mitochondrion might serve as a Ca store in 
response to anoxia in maize cells. Con-focal analysis using 
compartment-specific Ca2+ probes showed that the Ca2+ signal 
probably originates in mitochondria (Subbaiah et al. 1998). The 
release of Ca2+ from mitochondria during early anoxia is most likely 
not due to passive leakage of the ion, since it was not preceded by the 
depolarization of mitochondria. However, prolonged anoxia 
(longer than 30 min) leads to a loss of mitochondrial membrane 
potential and thus may be responsible for further Ca2+ release. 

The elucidation of how O2 deprivation initiates the Ca2+ release 
from mitochondria may indicate exactly where the changes in O2 
levels are sensed in the cell. Since oxygen is more diffusive than 
any potential signal molecule that has to traverse the cellular 
membranes, anoxia may be first sensed at the mitochondrial 
electron transport chain, where O2 would no longer be available as 
an electron acceptor. However, in view of the sensitivity of gene 
expression changes even to mild alterations in the O2 availability 
(Paul and Ferl 1991a), i.e., the genes are induced at much higher 
concentrations than the Km (O2) of cytochrome a3, a low affinity 
system could be a more appropriate sensor (such as a component 
of the plasma membrane redox system). The Ca2+ released from 
mitochondria may communicate the metabolic changes occurring 
in the cytosol (and mitochondria) under O2 deprivation to the 
nucleus. Consistent with this large anoxia-induced changes in the 
nuclear localized Ca2+ levels were observed in maize cells 
(Subbaiah et al. 1998), which may be a prelude to the chromatin 
changes that occur in anoxic maize cells (e.g., Paul and Ferl 1991a, 
1991b). 

Work from several laboratories indicates that a similar pathway 
may operate in other plant species such as Arabidopsis, rice and 
wheat (Sedbrook et al. 1995; Chung and Ferl 1999; Baxter-
Burrill et al. 2002; Klok et al. 2002; Bailey-Serres and Chang 
2005). Oxygen deprivation is also accompanied by cytosolic 
acidification (Roberts et al. 1984a). The transient changes in Ca2+ 
and H+ that follow cell stimulation are immediately recognized 
even at sub-micromolar levels, amplified and finally translated 
into long-lasting biochemical and physiological responses by plant 
cells (e.g., Knight et al. 1996; Fasano et al. 2001; reviewed in 
Bush 1995; Sanders et al. 1999). Deprivation of O2 leads to 
disturbances in ionic balance of plant cells, reflecting energy 
depletion and membrane depolarization (e.g., Roberts et al. 1984a; 
Buwalda et al. 1988). It was shown that gene expression and 
physiological changes in response to O2 deprivation are preceded 
and signaled by an elevation of cytosolic Ca2+ in maize seedlings 
and cultured cells (Subbaiah et al. 1994a, 1994b). Using calcium 
channel antagonists and analyzing cytosolic free calcium ([Ca] i) 
changes, it was demonstrated that, calcium acts as a transducer 
of low O2 signals (Subbaiah et al. 1994a, 1994b). 

FURTHER SUBSTANTIATION OF THE CONCEPT 
ON THE KEY ROLE OF ENERGY AND RELATED 
PROCESSES OF CARBOHYDRATE METABOLISM IN 
PLANT ADAPTATION TO ANAEROBIC STRESS 

Further development of the investigations of tolerant and sensitive 
plant adaptation to anaerobic stress confirmed substantially the 
idea on the key role of energy and related pro cesses of 
carbohydrate metabolism in plant  adaptation to 
h ypoxia  and  ano xia ,  which  was f i rs t  d emon st ra t ed  in  



31 
 
 
electron-microscopic studies in experiments with glucose feeding 
of detached rice coleoptiles (Vartapetian et al. 1976, 1978) and 
was analysed later in detail (Vartapetian et al. 2003). The role of 
substrate starvation in plant cell damage and death under anoxia 
was emphasized especially: "rapid degradation of fine structure of 
the cells ... under conditions of anoxia is first of all a result of 
carbon starvation rather than asphyxia or poisoning by toxic 
products of anaerobic metabolism" (Vartapetian et al. 1978, p 77). 
The important capability of a tolerant plant (rice) to mobilize 
and utilize endogenous stored carbohydrates (starch) exerted 
considerable support to this notion (Vartapetian et al. 1974, 
1976). Due to these processes, glycolysis and fermentation are 
provided with substrates for a long time and plant adaptive 
possibilities under hypoxia and anoxia are maintained. Great 
progress was outlined also in the investigation of induction of the 
synthesis of corresponding enzymes providing for the 
involvement of monomeric and polymeric carbohydrates in 
anaerobic energy metabolism. Below, these investigations are 
considered. 

Short-term adaptation of plants sensitive to 
anaerobic stress 

First, the results of important studies of Saglio et al. (1980) and 
Webb and Armstrong (1983) should be noted. Saglio and his 
coworkers (1980) were the first who confirmed in detail the above-
mentioned role of carbohydrate and energy metabolism in cell 
adaptation to anoxia also in the case of sensitive plant (maize). 
They demonstrated that feeding of maize roots with glucose 
improved substantially both the energy status and the tolerance 
of their cells to anoxia, similarly as it was observed in 
experiments with different organs of flood tolerant rice seedling 
(Vartapetian et al. 1976, 1978). 

In experiments with the roots of pea (Pisum sativum) and 
pumpkin (Cucurbita maxima), Webb and Armstrong (1983) 
showed that their feeding with glucose helped to maintain the 
post-anaerobic root capability for growth even after 24 hours of 
anaerobic incubation, whereas without feeding, post-anaerobic root 
growth was limited to approximately 6 and 12 hours, pea and 
pumpkin, correspondently. 

Stimulation of energy metabolism and prolongation of plant 
organ tolerance under the conditions of hypoxia and anoxia by 
feeding with sugars were also demonstrated in numerous studies of 
other researchers in experiments with different kinds and organs of 
plants. (Johnson et al. 1989; Waters et al. 1991; Hole et al. 
1992; Ricard et al. 1998; Tadege et al. 1998; Loreti et al. 2003a, 
2003b; Ismond et al. 2003). 

Perata and coworkers (1997), in agreement with the results of 
experiments of Vartapetian et al. (1976), demonstrated the role of 
α-amylase in mobilization and utilization of stored carbohydrates 
in long-term tolerance of anaerobically germinating rice seeds 
(Lorety et al. 2003a, 2003b). The key role of energy and related 
processes of carbohydrate metabolism in plant tolerance to 
oxygen deficiency was also shown in experiments with rhizomes 
of plants inhabiting flooded soils and exhibiting high resistance 
to anoxia (Brӓndle 1991; Arpagaus Brӓndle 2000) as well as some 
submerged wild plants (Potamogeton pectinatus, P. distinctus) 
(Summers et al. 2000; Sato et al. 2002; Harada et al. 2005) and 
seedlings of rice cultivars manifesting different tolerance to 
submersion (Jackson and Ram 2003). Below we consider the 
main results of these works. 

 
Key role of mobilization and utilization of reserved 
carbohydrate in long-term plant adaptation to 
anaerobic stress 

The publications of Perata's laboratory (Perata et al. 1997; Loreti 
et al. 2003a, 2003b) highlight the main results of investigations 
on the role of α-amylase in adaptation of anaerobically germinated  

 

 

 

rice seeds. Just this enzyme of the seed is responsible for 
anaerobic mobilization of stored starch, which provides substrate 
not only for anaerobic glycolysis and fermentation but also for 
rice seedling active growth in the absence of oxygen. These 
studies showed that unlike rice seeds, the seeds of other cereals 
(wheat, barley, and oat) did not synthesize α-amylase under 
anoxia and, therefore, these seeds devoid of endogenously gene-
rated glucose could not germinate under anoxic conditions and 
perish. Their tolerance to anoxia could be improved to some 
degree only by feeding with exogenous sugars. In contrast to 
aerobically germinated seeds, under anoxic conditions a gene 
encoding specific α-amylase (Ramy3D) is expressed in rice 
seeds. The activity of this gene is controlled by the presence of 
sugar but not by a hormone (Loreti et al. 2003a). An excess of 
sugar suppresses the expression of this gene, whereas sugar 
shortage, in contrast, induces its expression. Enhanced sugar 
consumption in anaerobic fermentation results in a sugar shortage 
and thus activates the expression of the gene encoding Ramy3D 
(α-amylase) at early stages of anaerobic seed germination, thus 
providing seedlings with sugars. Simultaneously anoxia weakens 
the activity of the Ramy1A gene, which expresses predominantly 
under aerobic conditions. It was shown that the activity of the 
Ramy3D gene under conditions of anoxia was sufficient for the 
synthesis of corresponding α-amylase isoenzyme mobilizing 
stored carbohydrates of the rice seed. 

The results of experiments by Brӓndle (1991) and Arpagaus 
and Brӓndle (2000) on the rhizomes of wild plants inhabiting 
flooded soils are also interesting. The rhizomes of Acorus 
calamus for example, containing a large store of starch, were 
capable of surviving during several winter months in the 
absence of oxygen in the state of quasidormancy. In spring, its 
shoots grew rapidly under water and contacted with the 
atmosphere. The duration of rhizome existence in the absence 
of oxygen depended on the amount of stored carbohydrates 
(Brӓndle 1991; Hanhijarvi and Fagerstedt 1995) and on the 
presence of active α-amylase (Arpagaus and Brӓndle 2000). Due 
to mobilization and utilization of stored carbohydrates during the 
entire winter period, the AEC in rhizomes was maintained at a 
rather high level (0.5-0.8). 

The key role of anaerobic energy metabolism is manifested 
brightly during the rapid under- water growth of some wild 
submerged plants, for example, Potamogeton and Rumex 
species (Summers et al. 2000; Sato et al. 2002; Voesenek et al. 
2003; Harada et al. 2005; Dixon et al. 2006). Experiments 
showed that in submerged plants rapid shoot growth under water 
was determined by a much higher rate of its elongation under 
anaerobic than aerobic conditions. Such a rapid growth under 
water was achieved due to the 3- to 6-fold increased rate of 
glycolysis (Pasteur's effect) and active mobilization of starch 
storage in the tuber. 

Rice seedlings completely submerged in water are 
commonly observed under natural conditions in East and South-
East Asia. The tolerant seedlings possess a specific system 
regulating energy and carbohydrate metabolism; therefore, they 
could survive under extreme conditions of oxygen starvation 
(Vriezen et al. 2003; Boamfa et al. 2003; Jackson and Ram 2003). 
However, under submerged conditions, plants suffer also from 
suppressed photosynthesis and thus from deficiency in the 
formation of a new substrate (Ellis and Setter 1999; Momer and 
Visser 2005). Seedlings of various rice cultivars differ 
substantially in their tolerance to total submersion. The 
investigation of carbohydrate metabolism and growth of rice 
cultivars contrasting in tolerance showed that flooding of the most 
tolerant cultivar ('FR13A') suppressed its growth substantially, 
which was accompanied by a more economic spending of 
carbohydrate stores. By analyzing the experimental material 
accumulated Jackson and Ram (2003) concluded that the 
basic cause for seedling damage and death of less tolerant 
rice cultivars under submersion is their energy shortage due 
to substrate starvation. Active leaf growth of non-tolerant 
cultivars result in exhaustion of substrates for glycoly - 



32 

sis because of more intensive spending of stored carbohy-
drates. 

Induction of anaerobic synthesis of enzymes 
responsible for sugar involvement in glycolysis 
and fermentation 

For active ethanolic and lactic fermentation under conditions 
of hypoxia and anoxia, along with polymeric carbohydrates 
(starch), sugars (glucose, fructose, and sucrose) should be 
involved in metabolism by corresponding enzymes, 
hexokinases and sucrose synthase. During hypoxic acclimation 
but not at anoxia, just these enzymes were activated 
providing for relatively high rates of glycolytic flow and 
ATP generation and thus cell survival under anoxia (Saglio et 
al. 1999). A critical role of sucrose synthase under anoxia 
was shown in experiments with the roots of maize double 
mutants deficient in sucrose synthase synthesis (Ricard et al. 
1998). Even after hypoxic acclimation, such mutants could not 
metabolize sucrose and could not survive anoxia, whereas 
the roots fed with glucose were not damaged over the 
prolonged period and survived. The results of these experiments 
indicate that, under anoxia, sucrose could be involved in the 
glycolytic flow in roots only with the involvement of sucrose 
synthase but not invertase. 

Under conditions of oxygen deficiency, the synthesis of 
enzymes of glycolysis, fermentation and sugar-phosphate 
metabolism is also induced (Kelley and Freeling 1984a, 
1984b; Springer et al. 1986; Kelly 1989; Kelly et al. 1991; 
Russell and Sachs 1991; Lai et al. 1998; Saglio et al. 1999). 
Comparison of enzymes of fermentation (ADH, LDH, and 
PDC) showed that hypoxia and anoxia increased ADH activity 
sharply, although such a high activity is not required for cell 
survival under anaerobiosis. 

Under hypoxia and anoxia, PDC activity is also markedly 
increased. Just this enzyme is believed to play a key role in 
regulation of ethanolic fermentation. It was shown that 
tobacco (Bucher et al. 1994; Tadege et al. 1998), rice (Quimio 
et al. 2000), and Arabidopsis (Ismond 2003) plants 
transformed with the PDC gene sharply accumulated 
acetaldehyde and ethanol. This was associated with the im-
provement of their tolerance to oxygen deficiency, at least in 
rice (Quimio et al. 2000) and Arabidopsis (Ismond et al. 2003). 

Thus, accumulated experimental material indicates that 
carbohydrate and energy metabolism play key roles in 
plant tolerance to anaerobic stress. To synthesize a sufficient 
amount of ATP required for the maintenance of plant survival 
under these extreme conditions, the plant cell must be provided 
with both substrates and corresponding active enzyme systems 
capable of mobilization of polymeric and monomeric forms of 
carbohydrates for their subsequent usage in glycolysis and 
fermentation. Anaerobic energy metabolisms provide for not 
only long-term plant survival even under total absence of 
oxygen but also, in some cases, for active growth, as for 
example, during anaerobic germination of rice seeds and 
underwater growth of submerged wild plants, which was 
aforementioned. 

CONCLUSION 

In the present review we attempted, first of all, to follow the 
emergence and establishment of novel scientific branch in field 
of ecological physiology, biochemistry and molecular biology, 
dedicated to plant life under hypoxic and anoxic stresses that 
received international recognition as an independent original 
biological discipline. 

An increased interest to the problem of low oxygen 
stress of plants during recent decades confirmed undoubtedly 
its importance from the point of view of fundamental science as 
well as of applied aspects of agronomy, forestry and 
environment protection. The coordination of investigations at 

the international level achieved mainly due to the efforts of 
ISPA members, who were the initiators of periodic 
international meetings, cooperative studies, and also 
corresponding publications, favored this interest. All this 
resulted in the rapid development of investigation on plant 
hypoxia and anoxia and affected not only the volume of sci-
entific production but also its quality. 

In this first part of this review, in addition to back-
ground information about the establishment of a new 
branch of science, special attention was given to the further 
progress in investigation of plant metabolic adaptation to 
anaerobic stress, namely synthesis of anaerobic proteins and 
their physiological role, energy and related processes of car-
bohydrate metabolism that ensure plant life under condition of 
oxygen deficiency or complete absence of oxygen. The second 
general strategy of plant adaptation to anaerobic environment 
by long-distance oxygen translocation that is by avoidance of 
anaerobiosis will be discussed in the second part of this 
review (Vartapetian, Sachs, Fagerstedt 2008). 

Analyzing investigations over the last four decades, the 
authors would like primarily to attract the readers' attention to 
the following points. As distinct from early period, when a 
novel scientific discipline only started to develop and two 
alternative theories of plant adaptation to anaerobic stress 
were actively discussed, namely, Crawford's metabolic 
theory (1977, 1978) and the concept of two general strategies 
of plant adaptation to anaerobiosis (Vartapetian 1978), further 
development of investigations showed the validity of just 
concept about two general strategies of adaptation, that is 
true tolerance which is realized at a molecular level due to 
fundamental rearrangements of protein, carbohydrate and 
energy metabolism under conditions of strict anoxia or hypoxia 
and apparent tolerance that is attained by avoidance of 
anaerobiosis by long-distance oxygen transport. 

Certainly, keeping in mind a diversity of plants and en-
vironments they inhabit, one can admit that, in some cases, 
plant adaptation to anaerobic stress evidently occurs not in 
such a "pure" way as it was described above. Nevertheless, the 
analysis of experimental material accumulated up to now 
permits a statement that plant adaptation to the anaerobic 
stress is mainly realized within the framework of the two 
aforementioned strategies, true and apparent tolerance. It is 
especially brightly expressed in rice (Oryza sativa) plants: 
during germination of rice seeds in the absence of oxygen the 
mechanism of true tolerance functions, whereas in adult 
plants inhabiting flooded soils, the roots avoid anaerobiosis 
due to oxygen transport from shoot. 

Understanding the response to anaerobic stress is also 
important for the future breeding of flood-tolerant or -
resistant crop plants. In addition to molecular, physiological 
and biochemical approaches, genetic analysis has been essential 
in the establishment of causal relationships between the 
induction of the stress proteins and the establishment of 
resistance to the stress condition. In most stress responses, it is 
not difficult to detect the induction of new proteins during 
stress. However, the induction of new proteins does not 
necessarily establish a relationship with stress resistance. Novel 
protein synthesis may well be the consequence of damage 
caused by a stress condition. Thus, genetic mutants are 
necessary to test the physiological role of a stress protein. 
Perhaps the best example of this is the demonstration that 
ADH null mutants in maize fail to survive more than a few 
hours of anaerobic stress (Schwartz 1969) but grow well in 
non-flooding conditions. On the other hand, their ADH+ 
siblings will survive ~3 days of flooding (Schwartz 1969; 
Lemke-Keyes and Sachs 1989b). 

With the advances in genetic transformation techniques, it 
is likely that genes encoding stress proteins, or other factors, 
from a tolerant plant will be introduced into plants that are 
normally sensitive to the stress condition. This approach is not 
only important for the molecular analysis of DNA sequences 
that are responsive to an anaerobic stimulus, but will also pave the 
way for constructing "tailor-made" flood resistant crop plants. 
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ABSTRACT 

This review is a logical follow-up of previous publications (Vartapetian and Crawford 2007; Sachs and Vartapetian 2007) where an 

attempt was made to summarize the results of earlier periods of investigations of plant anaerobic stress and the activity of members of the 

International Society for Plant Anaerobiosis (ISPA) that ultimately brought about the establishment and international recognition of a new 

scientific discipline in the field of plant ecological physiology, biochemistry and molecular biology devoted to plant life under hypoxia 

and anoxia. Special attention was also paid to the strategy of metabolic adaptation of plants to hypoxia and anoxia, realized at the 

molecular level, including both the molecular biological and molecular genetic aspects of the problem. Continuing the discussion of 

strategies of plant adaptation to anaerobic environments in this review we pay particular consideration to the strategy of adaptation 

accomplished at the whole plant level by the formation of a continuous network of gas-filled spaces (aerenchyma), which development, 

provoked by specific signaling systems and programmed cell death, provides facilitated long-distance oxygen transport from aerated plant 

parts to organs (roots, rhizomes) under anaerobic conditions, that is a strategy of avoidance of anaerobiosis, or the phenomenon of 

"apparent" tolerance. Additionally, the following important aspects of plant hypoxic and anoxic stress are also considered here: post-

anaerobic plant injury by reactive oxygen species and protection against oxidative injury by plant antioxidants; the Davies-Roberts pH-

stat theory alternative electron acceptors; demonstration of the adaptation syndrome in plants under anaerobic stress; and genetic and 

cellular engineering in generating plants tolerant to anaerobic stress. 

Keywords: adaptation syndrome, aerenchyma formation, alternative electron acceptors, antioxidants, genetic and cellular engineering, 

oxygen translocation, reactive oxygen species 

Abbreviations: AA, ascorbic acid; ACC, l -aminocyclopropane- 1 -carboxylic acid; CAT, catalase; GSH, reduced glutathione; GSSG, 

oxidized glutathione; NMR, nuclear magnetic resonance; PCD, programmed cell death; PHGPH, phospholipids hydroperoxide gluta-

thione peroxidase; ROS, reactive oxygen species; RNS, reactive nitrogen species; SOD, superoxide dismutase; TBARS, thiobarbituric 

acid reactive substances 
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INTRODUCTION 

Higher plants, which are aerobic organisms, frequently inhabit 
environments that are under conditions of temporal or permanent 
anaerobic stress (hypoxia and anoxia). Most often anaerobiosis 
takes place in flooded soils, as a result of low oxygen solubility and 
diffusion rate in water. Anaerobic stress substantially suppresses 
cell aerobic metabolism, and often results in severe damage 
ultimately leading to death of agricultural and wild plants (Hook 
and Crawford 1978; Kozlovsky 1984; Crawford 1987; Jackson et 
al. 1991; Jackson and Black 1993; Crawford and Brӓndle 1996). 

However, through evolution and selection many plant species 
have become adapted to inhabiting waterlogged and even 
submerged soils when plants are partly or completely under water. 
According to contemporary views there are two general strategies of 
plant adaptation to anaerobic environments (Vartapetian 1978), 
namely metabolic adaptation, which is realized at the molecular 
level and is illustrated by a radical redirection of protein, 
carbohydrate and energy metabolism (Sachs and Vartapetian 2007) 
and anatomical-morphological adaptation at the whole plant level 
through its capacity to avoid anaerobiosis by translocating oxygen 
from aerated parts into submerged organs (roots, rhizomes; 
Armstrong 1978; Vartapetian et al. 1978a; Armstrong 1979; 
Vartapetian and Jackson 1997; Jackson and Armstrong 1999). The 
strategy of plant metabolic adaptation to hypoxia and anoxia was 
considered in our previous publication (Sachs and Vartapetian 
2007). In the present review, emphasis is put on the general strategy 
of plant adaptation to anaerobic stress which is realized at the whole 
plant level by long-distance oxygen transport, a strategy of 
anaerobiosis avoidance. In addition, several other important aspects 
of plant life under hypoxia and anoxia are considered: post-
anaerobic plant injury by reactive oxygen radicals; acidification of 
cell cytoplasm under anaerobic stress and its regulation; alternative 
electron acceptors under anoxia (nitrate and anaerobically 
synthesized lipids); visualization and demonstration of the 
adaptation syndrome in plants under anaerobic stress and possible 
molecular mechanisms that may be responsible for it; and genetic 
and cellular engineering approaches in generating plant cells and 
regenerated plants tolerant to low oxygen stress. 

AVOIDANCE OF ANAEROBIOSIS 

Higher plants avoid anaerobiosis in several ways; for instance by 
producing surface adventitious roots (Jackson and Armstrong 1999) 
or rapidly growing under water to make their way to the surface 
aerobic environment as shown for submerged wild plants such as 
Potamogeton pectinatus, P. distinctus and Rumex palustris 
(Summers et al. 2000; Sato et al. 2002; Voesenek et al. 2003) and 
deepwater rice (Kende et al. 1998; Almeida et al. 2003; Vriezen et 
al. 2003). Nevertheless, as noted by Jackson and Armstrong (1999) 
and Armstrong et al. (1994), the most widespread and efficient way 
for a plant to avoid anoxia is the development of a continuous gas-
filled hollow network, aerenchyma, in the cortical tissue of roots, 
stems, and leaves, which facilitates oxygen transport by diffusion 
and mass flow (conversion) from aerated above-ground organs to 
those located in the anaerobic environment (down to the root tips). 

Besides internal oxygen translocation facilitated by ae-
renchyma, partially submerged plants, for instance deep-water rice, 
avoid root anaerobiosis due external aeration (Raskin and Kende 
1983, 1985; Becket et al. 1988). In experiments with deep-water  

 

 

rice Raskin and Kende (1983, 1985) presented the evidence for the 
existence of air layers between hydrophobic surface of submerged 
leaf and surrounding water. These air layers provide an aeration 
path which, according to these authors, is vital for partially sub-
merged plants. 

Therefore, we first consider the mechanism of aerenchyma 
formation and then compare oxygen transport in plants with 
developed aerenchyma and those without them. 

FORMATION OF AERENCHYMA 

Roots of plants growing in flooded soils are exposed to an 
environment devoid of oxygen and in which reduction processes 
prevail, leading to the accumulation of toxic inorganic and organic 
compounds in the soil and to the suppression of nitrification and 
nitrogen fixation (Ponnamperuma 1984; Gambrell et al. 1991; Blom 
1999; Kirk and, Kronzucker 2005). The development of aerenchyma 
in hydrophytes inhabiting flooded soils and mesophytes growing in 
dry soils as well as the role of aerenchyma in oxygen transport from 
aerated plant parts to organs under an anaerobic environment (roots, 
rhizomes) have been considered in detail in several reviews 
(Armstrong 1978, 1979; Armstrong et al. 1994; Jackson and 
Armstrong 1999; Colmer 2003; Evans 2004). 

The formation of continuous gas-filled spaces in above-and 
underground organs facilitate oxygen transport by diffusion and 
mass flow from aerated shoots to roots and rhizomes. In addition, 
aerenchyma supplies oxygen to the rhizosphere through diffusion 
from the roots towards the outside environment. This flow of 
oxygen is involved in the detoxification of reduced iron, 
manganese, and hydrogen sulfide, which accumulate in anaerobic 
soil (Ponnamperuma 1984; Gambrel) et al. 1991). Oxygen secreted 
from the roots is also involved in nitrification and nitrogen fixation 
(Blom 1999; Kirk and Kronzucker 2005). The occurrence of 
aerenchyma favors the removal, with an ascending flow, of certain 
volatile compounds (ethylene, CO2, and CH4), which also 
accumulate in flooded soils. Methane, produced in anaerobic rice 
fields is one of the major compounds responsible for global climate 
warming on our planet (Neue et al. 1990). About 25-60 million tons 
of methane are emitted from rice fields into the atmosphere each 
year (Neue et al. 1990). 

Aerenchyma develops most often in plants inhabiting flooded 
soils (Armstrong 1978; Armstrong et al. 1994). Under flooding-
induced oxygen deficiency in the rhizosphere, when primary roots 
perish, aerenchyma is also formed in adventitious roots of many 
plants cultivated on dry soils (maize, wheat, sunflower, and clover) 
(Kawase 1981; Smirnoff and Crawford 1983; Jackson and Drew 
1984; Jackson 1985; Watkin et al. 1998; Aschi-Smith et al. 2003). 

Aerenchyma is formed in plants constitutively by schizogeny or 
can be induced by low oxygen content by lysigeny. One or another 
mechanism of aerenchyma formation prevails in various plant species 
(Kawase 1981; Smimoff and Crawford 1983; Jackson and Drew 
1984; Jackson 1985; Armstrong et al. 1994; Justin and Armstrong 
1991; Watkin et al. 1998; Jackson and Armstrong 1999; Aschi-Smith 
et al. 2003). In the case of schizogeny, gas-filled spaces are formed 
by controlled cell division and expansion. This is more characteristic 
of plants inhabiting excessively wet and flooded soils and under such 
circumstances the process is predominantly a constitutive event. In 
fact, the mechanism(s) underlying the development of schizogenous 
aerenchyma has yet to be fully addressed. Another better understood 
mechanism of aerenchyma formation is through selective degradation 
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of some cells in the cortex and is termed, lysigeny, i.e., programmed 
cell death (PCD) and it is mainly induced by low oxygen 
concentrations in the soil during such events as excessive rain, 
irrigation or flooding. 

Signal factors in the formation of aerenchyma 

During soil flooding, when oxygen content in both the roots and 
the rhizosphere drops, some biochemical processes precede cell 
death: one of the best characterized being the accumulation of 
ethylene in the both the roots and the rhizosphere and roots 
(Kawase 1981; Jackson and Drew 1984; Jackson 1985; Watkin et 
al. 1998). This rise in ethylene results in the expression of the 
genes responsible for cell degradation and death. Ethylene, which 
increases substantially during oxygen deficiency due to soil 
flooding, is a signal molecule triggering a chain or cascade of 
events leading to aerenchyma formation (Brailsford et al. 
1993; He et al. 1994, 1996). This has been shown in experiments 
in which aerenchyma formation could be arrested by the inhibition 
of ethylene synthesis or function and resumed by a treatment 
with exogenous ethylene (He et al. 1996). It has been shown 
that a decrease in the oxygen content in the rhizosphere 
primarily reflects upon ethylene content in the root stele, where 
anaerobic conditions start earlier than in the root cortex 
(Armstrong and Beckett 1987; Darvent et al. 2003; Garthwaite 
et al. 2004). Under conditions of hypoxia or anoxia in the root 
stele, the enzyme catalyzing the synthesis of the ethylene 
precursor, 1-aminocyclopropane-1- carboxylic acid (ACC), is 
activated (He et al. 1994). Low oxygen levels are required for 
ACC conversion into ethylene. In the presence of a low 
concentration of oxygen (3.0-12.5%) in the root cortex, ACC 
oxidase is activated and ACC is converted into ethylene. 

Induction of the above-mentioned biochemical processes 
under hypoxia and anoxia indicates that the cells sense a low 
oxygen level and activate a signaling cascade inducing genes 
encoding anaerobic proteins. 

Earlier speculation suggested that nonsymbiotic hemoglobin 
(Hb) could help sense oxygen deficiency (Appleby et al. 1988). 
However, this supposition now seems rather unlikely because Hb 
binds oxygen tightly (dissociation constant 0.0272 s -1 Duff et 
al. 1997), although it has been shown that the synthesis of 
nonsymbiotic Hb is strongly enhanced under hypoxia and the 
protein accumulates in the cells (Duff et al. 1997). The authors of 
these studies believe that metabolic pathways including the 
interaction between Hb and nitric oxide (NO) under hypoxia are 
an alternative route to mitochondrial electron transport during 
plant respiration, i.e., under such conditions, Hb functions like an 
dioxygenase of NO, which is formed under anaerobic conditions 
because of nitrate reduction (Igamberdiev et al. 2005). The authors 
hypothesized that stress-induced haemoglobins, functioning as 
dioxygenases detoxify NO and oxidizing NADH under oxygen 
deficiency, thus maintain the ATP level by an as yet unknown 
mechanism. Alfalfa plants over-expressing the Hb gene were more 
tolerant to flooding than either the wild-type plants or the plants 
with suppressed Hb expression (Dordas et al. 2003; Baron et al. 
2004; Hill 2004). 

NO• as a signaling molecule in plant tissues 

The chemical properties of nitric oxide make this gas a good 
candidate as a signaling molecule. NO can freely penetrate 
the lipid bilayer, and, hence be transported within the cell. NO 
can be quickly produced on demand via inducible enzymatic and 
non-enzymatic routes. Due to its free radical nature (one 
unpaired electron) NO has a short half-life (in the order of a 
few seconds), and can be removed easily when no longer needed 
(reviewed by Lamattina et al. 2003 and Neill et al. 2003). Nitric 
oxide is represented by three species with different chemical 
reactivity and physical properties: radical  NO•, nitrosonium  
cation (NO+) and nitroxyl anion  (NO -). Nitric oxide  can  
 
 
 
 

 
 
have  direct or  indirect biological effects; the direct effects take 
place at low NO concentrations (<1 μM) (Wink and Mitchell 
1998), while the indirect effects through reactive nitrogen species 
(RNS) take place at higher local concentrations (>1 μM). The 
direct NO effects include the reduction of free metal ions or the 
oxidation of metals in protein complexes such as hemoglobin, and 
Fe-nitrosyl formation thus resulting in the activation of guanylate 
cyclase and hemoxygenase and the inhibition of P450, 
cytochrome c oxidase and catalase, as well as the stimulation of 
TfR protein and the down-regulation of ferritin (Wink and 
Mitchell 1998). 

A number of investigations have been carried out on the 
involvement of NO during plant development (reviewed by Beligni 
and Lamattina 2001; Wendehenne et al. 2001, 2003; Gechev et al. 
2006). NO has also been found to slow down plant senescence in 
pea leaves, in cut flowers and in ripening fruits (Leshem 2000) 
pointing towards NO and programmed cell death regulation. 
Furthermore, cytokinins have been shown to induce synthesis in 
tobacco, parsley and Arabidopsis cell cultures. Since a nitric 
oxide synthase (NOS)-inhibitor has been shown to hinder 
cytokinininduced betalaine accumulation in Amaranthus, it has 
been suggested that NO takes part in the cytokinin signaling 
route in plant tissues (Tun et al. 2001, and references therein). 
Hence, NO may also mediate cytokinin-induced prog-rammed cell 
death (Carimini et al. 2002). It has also been shown that NO 
induces programmed cell death needed for aerenchyma 
development via hydrogen peroxide (Borutaite and Brown 2003). 

The large number of physiological and developmental effects 
of NO point towards regulation of gene expression (reviewed by 
Neill et al. 2003). This has indeed been observed in some 
occasions, e.g. in TMV-resistant tobacco NOS activity 
increases after infection (Klessig et al. 2000). In a microarray 
study on Arabidopsis suspension cultures it was shown that a 
number of genes are induced by NO and a common induction 
mechanism was suggested for some of the genes, although no 
data on a common regulatory element in the promoter areas of 
these genes exist as yet (Huang et al. 2002). More recently, it 
has been shown that NO and ROS induce changes in the 
transcription of many genes and work in a complementary 
manner. For example, phenylalanine ammonia lyase (PAL) and 
chalcone synthase are induced by NO without the involvement of 
ROS, while glutathione-S-transferase has been shown to be 
induced by H2O2 (Grün et al. 2006). Also, the combined effect 
of NO and H2O2 has been tested in a series of experiments on 
catalase-deficient tobacco mutants treated with NO and exposed 
to high light (Zago et al. 2006). The latter experiments proved 
that NO and H2O2 work together in the induction of programmed 
cell death. 

Enzymatic sources of reactive nitrogen species 
(RNS) 

In recent years, reactive nitrogen species and especially nitric 
oxide (NO) have become the focus of research in plant signaling. 
The best known route for NO production in plant tissues is through 
nitrate reductase. In the presence of nitrite and NADH and, under 
physiological pH levels nitrate reductases are capable of NO• 
and RNS production in vivo and in vitro in the absence of O2 
(Yamasaki and Sakihama 2000; Rockel et al. 2002). Activation 
of nitrate reductase under hypoxic conditions in barley roots, 
and accumulation of NO during hypoxic treatment in maize cells 
have been shown, and a role for NO as a signal for aerenchyma 
formation has been hypothesized (Dordas et al. 2003). The regu-
lation of NO level under oxygen deprivation can be achieved in 
plants via interaction with stress-induced non-symbiotic Hb 
through several routes as described by Dordas et al. (2003). 

In mammalian cells three types of nitric oxide synthases 
(NOS, EC 1.14.13.39) have been described: a constitutively 
expressed neuronal (nNOS), an endothelial (eNOS), both  
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under the control of Ca2+ -calmodulin, and an inducible (im-
munological) iNOS. The isoforms are the products of different 
genes with 50-60% homology and share common cofactors and 
chemistry for NO production (Wendehenne et al. 2003). The 
functional NOS catalyzes oxygen dependent conversion of L-
arginine to citrulline and NO (Alderton et al. 2001) according to 
the following reaction: 

L-arginine + NADPH + O2 →citrulline + NO• + NADP+. 
However, no plant homologue of mammalian NOS has been 

found in the Arabidopsis thaliana genome. At present, two 
pathways have been identified in plants for the production of 
NO, i.e. a nitrite-dependent route described above and an 
arginine-dependent route (Crawford 2006), while the actual 
functioning of the recently found AtNOS1 gene has been 
questioned (Guo et al. 2003; Crawford et al. 2006; Guo 2006; 
Zemojtel et al. 2006). The product of this gene is known to be 
needed for NO synthesis in vivo and its biochemical properties are 
similar to mammalian constitutive cNOS, however, it bears no 
sequence similarity to known animal NOS. Another novel 
pathogen-induced enzyme with NOS activity has been identified in 
plants, and it appears to be a variant of the P protein of the glycine 
decarboxylase complex (GDC) (reviewed by Douce et al. 2001). 
This protein again shares little homology with mammalian NOS 
(Chandok et al. 2003). The Arabidopsis thaliana P protein of 
the GDC complex is 89% identical to this variant P protein with 
NOS-like activity from tobacco. However, the poor homology to 
mammalian NOS may suggest an alternative pathway for NO 
production (Chandok et al. 2003). 

Xanthine oxidoreductase (XOR), a redox enzyme with a Mo 
cofactor, is another inducible source of NO in the context of 
stress responses in mammals. At low oxygen tensions the NO-
generating activity of this enzyme is increased. Interestingly, under 
normoxic conditions xanthine oxidoreductase is capable of both 
NO• and O2

-• formation with consequent production of ONOO- 
(Godber et al. 2000). 

However, whether XOR produces NO in plants is not yet 
established. 

Non-enzymatic sources of NO 

The formation of NO via non-enzymatic reduction of exogenous 
nitrite has been shown in the apoplast of barley (Hordeum 
vulgare) aleurone layers. The process requires acidic pH and its 
rate is enhanced by phenolic compounds (Bethke et al. 2004). 
Non-enzymatic NO production can be a factor under 
pathological conditions, i.e. hypoxia, which is characterized by 
cytoplasmic acidosis and accumulation of reducing equivalents 
in both animal and plant systems (Dordas et al. 2003). 

Calcium as a signaling factor 

In experiments with maize plants and cell cultures, Sachs and 
coworkers (Subbaiah et al. 1994; 1998; 2000; Subbaiah and 
Sachs 2003) demonstrated an immediate involvement of 
calcium ions as a signal factor during the very early stages of 
aerenchyma formation. Under oxygen deficiency, calcium is 
released from the apoplast and from mitochondria into the 
cytoplasm, provoking the subsequent activation of kinases and 
phosphatases, resulting in the activation of genes responsible for 
the synthesis of ethylene and subsequent reactions leading to the 
cell death. Mitochondria also take part in the induction of 
programmed cell death through the release of cytochrome c as a 
proapoptotic signal (Virolainen et al. 2002). It has been shown in 
particular that under anaerobic conditions after the calcium signal 
ethylene synthesis is, enhanced, and this leads to cell walls 
being degraded by cellulase, pectinase, and xylanase (Kawase 
1979; Grineva and Bragina 1993; Grinieva et al. 2000; 
Gunawardena et al. 2001a, 2001b; Bragina et al. 2003), and also 
probably xyloglucan endotransglycosylase (XET),  which 
destroys cell wall xyloglucans (Saab and Sachs 1996). 

Plant cells perish by apoptosis (programmed cell death or  
PCD), under  mechanisms that appear to be similar  in animals  

 
 
 

 
and plants. The first PCD signal being increased cytoplasmic 
calcium, which quickly leads to the release of proapoptotic signals 
if other conditions are favorable for PCD (Drew 1997; 
Gunawardena et al. 2001a, 2001b; Chichkova et al. 2004; reviewed 
by Drury and Gallois 2006). 

Aerenchyma formation and PCD 

Under hypoxia (at partial submergence, i.e. roots only under 
water), inner cortical cell layers of the primary or nodal roots 
are selectively killed leading to aerenchyma formation. This 
selective cell death not only reduces the demand for 02 but more 
importantly, enhances root porosity and facilitates oxygen diffusion 
from the exposed plant parts toward submerged ones. 
Aerenchyma formation requires the presence of some oxygen 
(hypoxia) and occurs 3-4 cm behind the tip (He et al. 1992). This 
enhances the survival of the root (Gibbs et al. 1995), and the 
prolonged survival of the seedlings. The nature and regulation of 
cell death during aerenchyma formation has been analyzed (He 
et al. 1992; Drew et al. 2000; Gunawardena et al. 2001 a, 2001 b; 
Evans 2004). These various studies indicate that aerenchyma 
formation is under genetic control (reviewed in Drew et al. 2000). 
Cytohistological data, however, indicate that the hypoxically-
induced PCD does not entirely follow the canonical apoptotic 
pathway reported for animal cells, but partly resembles cytoplasmic 
or necrotic death (Gunawardena et al. 2001 b). 

Root-tip death 

Under complete submergence (or being subjected to immediate 
strict anoxia; i.e., 'anoxia shock'), maize seedlings exhibit another 
cell death process that also appears to have an adaptive 
significance. Although prolonged anoxia ultimately kills the 
entire seedling, different tissues of an individual plant differ in 
their tolerance (Vartapetian et al. 1978a, 1987; Johnson et al. 
1989; Ellis et al. 1999). Root tips in maize, as in other plants, are 
very sensitive to anoxia and die within a few hours (Vartapetian 
et al. 1970, 1977, 1978a; Roberts et al. 1984b; Johnson et al. 
1989; Folzer et al. 2006; Gladish et al. 2006). Root tips are 
composed of tightly packed tissues with few, if any, 
intercellular spaces and therefore suffer from restricted gaseous 
diffusion. Consequently, in flooded seedlings, root tip death 
may be a natural consequence of oxygen starvation and the 
attendant repression of substrate transport. Considerable attention 
has been given to strategies/mechanisms that prolong the anoxia 
tolerance of the primary root tip in young maize seedlings, as the 
tip of the primary root has been considered to be very important for 
seedling establishment (Drew et al. 1994). On the other hand, it 
was proposed that under severe anoxia, when energy generation 
is extremely limiting, the loss of metabolically actively intensive 
tissues such as the root-tip might prolong the survival of the 
shoot and the root axis. The facilitated survival of these two 
organs (shoot and root) during submergence may increase the 
chances of seedling recovery after reoxygenation. This was 
examined and results indicate that the root tip indeed acts as a 
dispensable and non-functional sink in anoxic seedlings (Subbaiah 
et al. 2000; Subbaiah and Sachs 2001). Excision of the root tip 
(de-tipping) before anoxia led to a superior recovery of 
seedlings from stress injury. De-tipped seedlings showed lesser 
root axis damage and an increased production of lateral roots 
compared to intact seedlings (Subbaiah et al. 2000). 

An anaerobically induced polypeptide, sucrose synthase (SUS-
SH1), was shown to be post-translationally regulated by 
phosphorylation, and this regulation is among the early responses 
that culminate in the death of primary root tip in anoxic maize 
seedlings (Subbaiah and Sachs 2001). Sucrose synthase (SuSy; 
SUS) is a unique enzyme with an ability to mobilize sucrose into 
diverse pathways that are critical m structural (e.g., cellulose or 
cal lose biosynthesis) , storage (starch synthesis)  and 
metabolic (e.g. ,  glycolysis)  functions of plant  cel ls 
(e.g.,  Ruan et al.  1997). It is encoded by three genes 
in maize, sh1 (encoding SUS-SH1; Chourey and Nel- 
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son 1976), sus1 (encoding SUS1; Chourey 1981; Chourey et al. 1998) 

and sus2 (encoding SUS2; Carlson et al. 2002; Chourey 2006). The sh1 

gene is expressed mostly in the developing endosperm, whereas sus1 is 

expressed in many plant parts including the aleurone and basal part of the 

developing endosperm. The  sh1 gene is induced by anoxia both at 

transcriptional and translational levels (ANP87; Springer et al. 1986). 

The sus1 gene is only mildly induced by anoxia. Although the double 

mutants in of sh1 and sus1 have been shown to be less tolerant to anoxia 

(Ricard et al.1998). 

Under anoxia the phosphorylation state of Susy encoded by sh1 is 

correlated with membrane localization in maize primary root tips. This 

localization is correlated with callose accumulation and is associated with 

death of the root tip. Maize sh1 mutants showed sustained Susy 

phosphorylation and did not exhibit the relocation to the root tip 

membranes and had less callose accumulation and greater tolerance to 

prolonged anoxia than their non-mutant siblings (Subbaiah and Sachs 

2001). In addition to its functions in directing suaose toward glycolysis 

and fermentation and in root tip death, Susy apparently has other 

functions in responses to flooding stress that stem from its mitochondrial 

localization (Subbaiah et al. 2006). 

Another enzyme that appears to be involved in the root tip death 

phenomenon is an anoxia-induced protease (AIP). This protease is the 

predominant proteolytic activity in the root tip during anoxia. 

Furthermore, the superior anoxia tolerance of de-tipped seedlings is 

associated with a decreased AIP activity. Thus, the appearance of AIP 

activity in the root tip during anoxia is spatially and temporally associated 

with the root tissue death (Subbaiah et al. 2000). 

These studies indicate that the root tip elimination early during 

anoxia may provide an adaptive advantage and that maize may be 

evolving with the sh1-encoded SuSy and the anoxia-induced protease 

systems, a mechanism to induce cell death in the root tip as a means of 

tolerance to flooding. 

Root tip death under anoxia: programmed cell death or 

necrosis? 

Cell death is a basic biological process important in the regulated 

development of multicellular organisms and in 

their responses to stress. Animal cells show two fundamen- tally different 

modes of cell death, namely apoptosis (or PCD) and necrosis. The most 

relevant distinction between the two types of death is the early 

preservation of membrane integrity in apoptosis, whereas a rapid release 

of intracellular constituents occurs in the case of necrosis. Therefore, 

necrosis can presumably be dangerous, while the apoptotic process is an 

adaptive mechanism to dispose of cells without compromising the 

integrity of the organism. Nevertheless, inaeasing evidence points to the 

fact that apoptosis and necrosis represent just extremes of a wide range of 

possible morphological and biochemical cell death processes. Root tip 

death is preceded by SHI relocation, DNA nicking, and indudion of AIP 

as well as callose, indicating that the process, to some extent is 

autonomous (and a programmed event), On the other hand the death of 

root tip cells is accompanied by the acidification of the cytosol (Roberts et 

al. 1984a; Kulichikhin et al. 2007) as well as the external medium and an 

extracellular release of diffusible cytotoxins (Subbaiah et al. 1999). 

Therefore, root tip death in nature may be a less cell-autonomous but 

more of a necrotic process (Van Breusegem and Dat. 2006). De-tipping 

experiments (Subbaiah et al. 2000) suggest that an acceleration of the 

process as well as making it more cell-autonomous (i.e., pushing the 

process more towards PCD) would provide a definite advantage during 

post-anoxic recovery of maize seedlings. 

The essence of stress adaptation is redirecting scarce resources to the 

maintenance of essential sinks as well as activation of adaptive pathways, 

while disinvesting in non-essential sinks and pathways. Being  

endowed with multiple growing points, plants have a unique  

 

 

 

 

ability to eliminate superfluous tissues/organs under stress and 

regenerate them if favorable conditions appear again. O2-deprived maize 

roots exhibit two such regulated cell or tissue-death path-ways. These two 

pathways are clearly distinct in their regulation as well as the location of 

their occurrence in the root. 

Therefore, a reprogramming of root tip death to have it occur early, 

during anoxia, may provide a definite adaptive advantage to maize 

seedlings exposed to anoxic stress. In Arabidopsis, the whole root system 

is dispensable for hypoxic tolerance of the seedlings; in fact, de-rooted 

seedlings did better under O2 deprivation (Ellis et al. 1999). In maize, the 

primary root axis is necessary (in quickly generating a functional root 

system), if not essential, for the post-anoxic recovery of seedlings. 

However, the survival of the shoot meristem is critical for the post-anoxic 

re growth and autotrophic life of the seedling. 

Oxygen translocation 

The results of earlier investigations on oxygen translocation from aerated 

above-ground plant tissues to anaerobically located roots have been 

considered by Armstrong (1978) and Vartapetian et al. (1978a) in the 

monograph edited by Hook and Crawford (1978) and more recently in 

the review of Sachs and Vartapetian (2007). Here we recall some basic 

and essential findings. In dry-land mesophyte plants, such as, for 

example, cotton (Gossypium hirsutum; 22-26 days; 27
o
C), oxygen 

transport comprises only a small portion (7%) of root requirements in 

oxygen under aerobic condition (Nuritdinov and Vartapetian 1981). The 

proportion of O2 transport inaeases only at low temperature, attaining, in 

muon for instance 27% at l0
o
C. In experiments with Alnus glutinosa, 

exploring the effects of pressurized ventilation, diffusion and 

photosynthesis on root aeration Armstrong and Armstrong (2005) also 

came to conclusion that low temperatwe helped to improve root aeration. 

The above mentioned phenomenon observed in experiments with 

Gossypium hirsutum and Alnus glutinosa could be explained as a result 

of marked drop in oxygen requirement for root respiration at low 

temperature without a substantial decrease in its translocation from shoots 

to roots. In the case of mesophytes tested, oxygen did not diffuse 

markedly from the roots into the external solution, at least in experiments 

reported by Vartapetian and coworkers (Vartapetian et al. 1978a). 

Nevertheless, the results obtained permitted to conclude that even 

very low levels of oxygen transport plays a definite protective role in the 

anaerobically incubated root life of mesophyte plants. Electron-

microscopic examination of detached root mitochondria showed that 

degradation of their ultrastructure occurred within 6 to l0 h of the start of 

anaerobic incubation. Whereas in the roots of control intact plants, 

mitochondrial ultrastructure was maintained much 

longer (two to three days) in anaerobic environments (Vartapaian et al. 

1978a; Andreeva et al. 1979). It was demonstrated that not only oxygen 

but also assimilates coming from shoots could play a definite role in the 

tolerance of intact roots to anoxia In fact, in special experiments with 

cotton, 
14
C-sucrose transport from aerated organs to anaerobic roots was 

studied (Vartapetian et al. 1978a; Nuritdinov and Vartapetian 1980). 

Results showed that such transport occurred during a rather long-term 

anaerobic incubation of roots although its rate was substantially reduced 

substantially with time. Therefore, early degradation of cell ultrastructure 

in detached roots could be to some degree induced by an exhaustion of 

substrates for glycolysis and alcoholic fermentation, i.e., substrate 

starvation. In fact, the imitation of assimilate transport into plant detached 

plant roots by feeding them glucose considerably improved their 

tolerance even to strict anoxia (Vartapetian et al. 1977, 1978a). Feeding 

even intact roots with exogenous glucose under conditions of 

anaerobiosis also favored 
14
C-sucrose inflow from leaves (Nuritdinov 

and Vartapetian 1980). Finally, a much higher tolerance to anoxia of 

intact roots as compared with detached  roots  is  probably    explained    

by hypoxic acclimation of intact roots occurring due to limited 
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oxygen transported from aerated organs. 

The usage of polarographic techniques for measurements of 
molecular oxygen translocation and mathematical models showed 
that in plant-inhabiting flooded soils (for instance, rice) as oppose to 
mesophytes (pumpkin, cotton) that are cultivated on aerated dry 
soils, oxygen was easily transported from above-ground aerated 
organs to oxygenate both root cells and the rhizosphere (Armstrong 
1970; Vartapetian et al. 1970, 1978a; Armstrong 1979). This is in 
good agreement with electron-microscopic studies (Vartapetian et al. 
1970, 1978a) and also with the results of physiological and 
biochemical investigations of Webb and Armstrong (1983) and ap 
Rees's laboratory (Ap Rees and Wilson 1984; Ap Rees et al. 1987) 
on the hypersensitivity of rice and other hydrophyte roots to oxygen 
deficiency. In the above mentioned experiments, it was confirmed 
that the roots of tolerant plants (rice, Glyceria maxima) inhabiting 
flooded soils were really more sensitive to oxygen deficiency than 
the roots of plants sensitive to flooding (pea, pumpkin). 

Finally, the results of electron-microscopic, biochemical, and 
physiological investigations (Vartapetian et al. 1970, 1978a; Webb 
and Armstrong 1983; Ap Rees and Wilson 1984; Ap Rees et al. 
1987) were confirmed in experiments with hydrophytes constantly 
living on flooded soils (Vartapetian and Andreeva 1986). It was 
demonstrated that feeding with exogenous glucose to anaerobically 
incubated roots of hydrophytes Carex leporina, Alisma plantago-
aquatica, and Lycopus europaeus did not improve their adaptive 
properties, as it was found for the roots of mesophyte pumpkin 
(Vartapetian et al. 1977, 1978a) grown on dry soils. Thus, the roots 
of these hydrophytes being sufficiently supplied with oxygen 
transported from aboveground organs did not develop in the course 
of evolution the protective defense molecular mechanisms of 
adaptation to oxygen deficiency. In view of these findings, it is inter-
esting to consider the results obtained by Crawford (1978) who 
demonstrated that, as oppose to roots of plants living on dry soils, the 
anaerobically incubated roots of hydrophytes, exhibited neither ADH 
activation nor an acceleration of alcoholic fermentation. 

Thus, the results of the above-mentioned studies (Vartapetian et 
al. 1970, 1978a; Webb and Armstrong 1983; Ap Rees and Wilson 
1984; Ap Rees et al. 1987) led to the paradoxical conclusion that the 
roots of plants constantly inhabiting flooded anaerobic soils are less, 
or not at all, metabolically adapted to anoxic environments. As 
oppose to roots of hydrophytes, those of mesophytes, which are ex-
posed to oxygen deficiency only occasionally, developed some 
adaptive mechanisms. 

The situation with root aeration becomes much more complex 
when shoots are submerged as well, as occurs with rice seedlings in 
East and South-East Asia (Setter et al. 1997; Jackson and Ram 2003; 
Mohanty and Ong 2003) or with some submerged wild plants 
capable of active growth under water (Summers et al. 2000; Sato et 
al. 2002; Voesenek et al. 2003; Voesenek and Peeters 2004). When 
plants are completely submerged, oxygen supply to shoots and es-
pecially to roots declines sharply. Photosynthetic oxygen formation 
within the plant is also suppressed in submerged plants because of a 
lower availability of atmospheric CO2 and a reduced plant 
illumination, especially when the plants grow in deep or muddy 
waters (Setter et al. 1997). These limitations result in a decreased 
photosynthesis and thus a poor root photoassimilate supply as well. 
This is especially true during night hours (darkness), particularly in 
rice, where the roots suffer from oxygen deficiency and switch to 
alcoholic fermentation (Waters et al. 1989; Boamfa et al. 2003; 
Pedersen et al. 2004). Root growth ceases under such conditions. 
Nevertheless, green parts of submerged plants are capable of 
photosynthesis under water, which alleviates substantially such 
severe conditions, providing plants with both oxygen and assimilates 
at least during hours of daylight (Mohanty and Ong 2003; Mustroph 
et al. 2004; Mommer and Visser 2005). 

 

 

 

When some leaves emerge from the water and are in contact 
with the atmosphere, as occurs for instance with deep-water rice 
(Armstrong et al. 1994; Kende et al. 1998; Almeida et al. 2003; 
Vriezen et aL 2003) the situation is more favorable because the roots 
obtain oxygen from both the leaves via aerenchyma and over the leaf 
blade surface (Raskin and Kende 1983, 1985; Beckett et al. 1988). 
According to Raskin and Kende (1983, 1985) continuous air layers 
trapped between hydrophobic corrugated surface of the leaf blades 
of deep water rice and surrounding water constitute the major path of 
aeration. This results in an extremely rapid growth (20-30 cm per 
day) of deep-water rice for instance during monsoon periods. As a 
result of such high growth rates, a continuous contact of some deep-
water rice leaves with the atmosphere is preserved despite several 
meters of water covering the plants. Rapid growth of some 
submerged wild plants, Potamogeton and Rumex species, for 
example, has also been described; these plants grow in water their 
leaves rise above the water surface due to intense spending of 
storage carbohydrates and a 3- to 6-fold increase in the rate of 
glycolysis (Pasteur effect) (Summers et al. 2000; Sato et al. 2002; 
Voesenek et al. 2003; Voesenek and Peeters 2004). 

In studies performed in the laboratory of Armstrong (Darvent et 
al. 2003), platinum oxygen microelectrodes were used to compare 
specific features of oxygen transport in plants with aerenchyma in 
roots and those devoid of them. Microelectrodes were inserted into 
the primary roots of maize at various locations along the root length 
and at various depths inside the root in order to evaluate a topology 
of oxygen distribution within the root in both the longitudinal and 
radial planes. The results of these investigations confirmed the 
notion that the root cortex is its most aerated part comprising the 
channels for oxygen transport, whereas the stele is the least aerated 
part (Thomson and Greenway 1991). When oxygen content in the 
root environment declines, the anaerobic conditions arise first in the 
stele, resulting in the activation of ACC synthase a precursor for 
ethylene, and the subsequent synthesis of ethylene with the 
involvement of the cortex located ACC. In roots devoid of 
aerenchyma (wheat, for example), a decrease in the oxygen level 
occurs along the root length, and at the depth of more than 10 cm, 
oxygen essentially could not be detected in the root tips, which led to 
their death because of oxygen shortage. Hence it is clear why the 
roots devoid of aerenchyma penetrate soil no deeper than 10 cm 
(Thomson et al. 1990). As was demonstrated in Armstrong's labora-
tory (Darvent et al 2003), in maize roots containing aerenchyma, the 
pattern of longitudinal and radial oxygen distribution in the root is 
quite different. Under anaerobic conditions, such roots are much 
better provided with oxygen transported from above-ground organs. 
This was further demonstrated in biochemical studies when 
adenylate energy charge was compared in anaerobically incubated 
roots with and without aerenchyma (Drew et al. 1985). 

Thus, subsequent studies summarized in several publications 
(Vartapetian 1993a, 1993b; Armstrong et al. 1994; Jackson et al. 
1999; Darvent et al. 2003; Vartapetian et al. 2003) confirmed and 
substantially added to the concept proposed earlier based on the 
electron microscopic, polarographic and chemiluminescent 
examinations as well as mathematical modeling of oxygen 
translocation in tolerant and sensitive plants (Armstrong et al. 1970, 
1978, 1979; Vartapetian et al. 1970, 1973, 1974, 1978a). Indeed 
these studies emphasized that, as distinct from mesophytes growing 
on dry soils, the principal strategy of adaptation of hydrophytes 
inhabiting flooded anaerobic soils is avoidance of root anaerobiosis 
through long-distant oxygen transport but not through metabolic 
adaptation. 

Furthermore the facilitated long-distance oxygen trans-
port to the root tip in plants inhabiting flooded soils is pro-
vided, on the one hand, by the formation of expanded gas-
containing spaces and, on the other hand, by 
impermeability of the basal root part to oxygen diffusion 
toward  the  rhizosphere   ( Armstrong and  Beckett  1987;  
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Jackson and Armstrong 1999; Garthwaite 2004). In 
experiments with seedlings of several rice varieties (Colmer et 
al. 1998; Colmer 2003), it was shown that in aerobically grown 
roots, the basal root parts of almost all varieties secreted 
oxygen into the rhizosphere. When roots were grown in oxygen 
deficit environment, in stagnant water, oxygen diffusion from 
basal root parts ceased thus facilitating its delivery to the root 
tip. Studying of sulfide-induced barriers to rice root radial oxy-
gen loss Armstrong and Armstrong (2005) demonstrated 
marked root cell wall suberization and thickening correlated 
with reduced permeability to oxygen. 

Albrecht and Mustroff (2003) showed that, under condi-
tions of hypoxia, an enhanced synthesis of cellulose and callose 
in wheat roots was determined by the activation of sucrose 
synthase. According to these authors, an activated synthesis of 
these compounds helped to strengthen the cell walls, which 
counteracted tissue injury at a low oxygen content. In 
experiments by Armstrong and Armstrong (2005b) with rice 
roots submerged in non-running water, sulfides sharply 
improved the root barrier properties. As a result, radial oxygen 
secretion from root into the rhizosphere was considerably 
reduced, water uptake by roots was suppressed, and the growth 
of lateral roots was retarded. 

POST-ANAEROBIC DAMAGE AND ADAPTATION 

Plants suffer not only from anaerobic stress itself but also in the 
period when they are returned to normal conditions of oxygen 
supply after a short-term or long-term anaerobiosis (oxidative 
stress). This is due to two different issues: first, electrons 
accumulated in the cell respiratory chain under oxygen 
deficiency are transferred to molecular oxygen with the 
generation of reactive species (superoxide ion, hydrogen 
peroxide), which attack fatty acid unsaturated bonds in 
membrane lipids, denature proteins and nucleic acids, thus 
damaging plant cells substantially. Secondly, the antioxidative 
capacity of cell is weakened during oxygen deficiency, which 
increases the damaging affect of the reactive oxygen species, 
ROS (Blokhina et al. 2000). It has also been shown that many 
stress situations lead to increased production of superoxide, 
which is mitigated experimentally by overexpressing SOD 
(Yan et al. 1996, Lee et al. 2007). 

Thus, along with carbohydrate and energy shortage and 
cytoplasmic acidification during anaerobic stress, plants are 
subjected to a serious danger in the post-anoxic period. As in 
the case of energy shortage and cytoplasmic acidification, 
tolerant plants have developed defense mechanisms neutra-
lizing adverse effects of free oxygen radicals in the post-
anaerobic period. This topic has been discussed in detail in a 
review of Blokhina et al. (2003); therefore, we only briefly 
consider it below. 

Sources of reactive oxygen species (ROS) in plant cells 

As several review articles have been published recently both on 
the production of ROS and their scavenging by the many plant 
antioxidants as well as on the damage they may cause 
(Blokhina et al. 2003; Pitzschke et al. 2006), their production is 
but briefly described here, and the emphasis is placed on their 
signaling role in events during and after low oxygen stress. 
Generation of ROS is characteristic of all living tissues and 
cells and the delicate balance between their formation and 
quenching is strongly affected by low oxygen stress conditions. 
In the next paragraphs the focus is put on the new information 
emerging on the roles of ROS and reactive nitrogen species 
(RNS), molecules ideally suited to act as signaling molecules 
during oxygen stress conditions. To date, ROS and RNS are 
known to play key roles in signaling during both biotic and 
abiotic stresses as well as during developmental processes (e.g. 
systemic acquired resistance, ozone stress, temperature 
extremes, stomatal closure, senescence) and their action is 
strongly suggested in PCD taking place in aerenchyma 

formation (Bouranis et al. 2003; Van Breusegem and Dat 2006; 
Bouranis et al. 2007). 

The initial step in ROS production requires initiation (one 
electron reduction), while subsequent reduction steps can 
proceed spontaneously in the presence of appropriate electron 
donors (Halliwell 2006). In plants the electron transport chains 
of chloroplasts and mitochondria are the main sources of 
electrons together with transition metal ions (Fe

2+
, Cu

2+
 and 

semiquinones. The highly reactive singlet oxygen (
1
O2) is 

produced in tissues under UV-exposure and during 
photoinhibition in chloroplasts, while hydrogen peroxide 
(H2O2) and superoxide anion (O2

-
) are both produced in a 

number of cellular reactions including the Mehler reaction in 
the chloroplasts, the iron catalyzed Fenton and Haber Weiss 
reactions, photorespiration and by various enzymes such as 
lipoxygenases, peroxidases, NADPH oxidase and xanthine 
oxidase. O2

-
 is too reactive to pass membranes and is converted 

to H2O2 by compartment specific superoxide dismutase (SOD) 
isoforms. 

The H2O2 molecule is relatively stable and less reactive 
than O2

-
, and is able to cross the lipid bilayer, a property which 

makes it a good candidate as a signaling species. It has been 
suggested also that H2O2 may pass the membrane through 
aquaporins or peroxide channels other channels (Henzler and 
Steudle 2000; Ye and Steudle 2006). If so, the delivery of the 
H2O2  signal to a particular site can be indirectly regulated via 
aquaporin manipulation and, to some extent can solve the 
question of ROS signal specificity. It remains to be seen 
whether there are specific receptors for H2O2 in the plant cell. 

A very reactive oxygen species, the hydroxyl radical OH•, 
is produced during the decomposition of ozone in the presence 
of protons in the apoplastic space and also in defence against 
pathogens (Bolwell et al. 2002), while the perhydroxyl radical 
O2H• can be produced in a reaction of ozone with hydroxyl 
ions. 

Antioxidant systems 

In plant tissues the adverse effect of free radicals is controlled 
by the presence of low-molecular-weight endogenous 
antioxidants as well as antioxidant enzymes. The first do not 
only include ascorbic acid, glutathione, and tocopherols, but 
also many phenolic compounds which can act as antioxidants. 
In antioxidant turnover the corresponding enzyme systems 
reducing oxidized forms of antioxidants are of importance (for 
a review, see Noctor and Foyer 1998). The second include 
enzymes interacting with reactive oxygen species, SOD, 
peroxidase and catalase, and thus blocking ROS action. There 
are also a number of enzymes detoxifying lipid peroxidation 
products (glutathione S-transferases, phospholipid-
hydroperoxide glutathione peroxidase and ascorbate 
peroxidase). 

Low molecular weight  antioxidants 

Glutathione. Glutathione is a tripeptide (glutamylcysteinyl-
glycine) and it is an abundant compound in plant tissues 
present in virtually all cell compartments: cytosol, ER, va-
cuole and mitochondria (Jimenez et al. 1998). GSH executes 
multiple functions and together with its oxidized form 
(GSSG) glutathione maintains the cellular redox balance. The 
latter property is of great biological importance, since it 
allows fine-tuning of the cellular redox environment under 
normal conditions and upon the onset of stress, and provides 
the basis for GSH stress signaling. Indeed, the role for GSH 
in redox regulation of gene expression has been described in 
many papers (e.g. Wingate et al. 1988; Alscher 1989). Due to 
redox properties of the GSH/GSSG pair and reduced SH-
group of GSH, it can participate in the regulation of the cell 
cycle (Sanchez-Fernandez et al. 1997). The functioning of 
GSH as antioxidant under oxidative stress has received 
much attention during the last decade. It scavenges cytotoxic 
H2O2, and reacts non-enzymatically with other ROS: singlet 
oxygen, superoxide radical and hydroxyl radical (Larson 
1988). The central role of GSH in the anti -  oxidative  
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defense is due to its ability to regenerate another powerful water-
soluble antioxidant, ascorbic acid, via ascorbate-glutathione 
cycle (Foyer and Halliwell 1976; Noctor and Foyer 1998). 

Ascorbic acid (Vitamin C) is one of the most studied and 
powerful antioxidants (Noctor and Foyer 1998; Arrigoni and de 
Tullio 2000; Horemans et al. 2000b; Smirnoff 2000). It has not 
only been detected in the majority of plant cell types and cellular 
organelles, but also in the apoplast. Under physiological 
conditions ascorbic acid (AA) exists mostly in its reduced form 
(90% of the ascorbate pool) in leaves and chloroplasts (Smirnoff 
2000); and its intracellular concentration can build up to the 
millimolar range (e.g. 20 mM in the cytosol and 20-300 mM in 
the chloroplast stroma (Foyer and Lelandais 1996). The ability to 
donate electrons in a wide range of enzymatic and non-
enzymatic reactions makes AA the main ROS-detoxifying 
compound in the aqueous phase. AA can directly scavenge 
superoxide, hydroxyl radicals and singlet oxygen and reduce 
H2O2 to water via ascorbate peroxidase reaction (Noctor and 
Foyer 1998). In chloroplasts AA acts as a cofactor of violaxantin 
de-epoxidase thus sustaining dissipation of excess excitation 
energy (Smimoff 2000). AA regenerates tocopherol from 
tocopheroxyl radicals thus providing membrane protection 
(Thomas et al. 1992). In addition, AA carries out a number of 
non-antioxidant functions in the cell. It has been implicated in 
the regulation of the cell division, cell cycle progression from GI 
to S phase (Liso et al. 1988; Smirnoff 1996) and cell elongation 
(de Tullio et al. 1999). 

Tocopherol (Vitamin E). The importance of tocopherols and 
tocotrienols lies in the fact that they are essential components of 
biological membranes where they have both antioxidant and 
non-antioxidant functions (Kagan 1989). αTocopherol with its 
three methyl substitutes has the highest antioxidant activity of 
tocopherols (Kamal-Eldin and Appelqvist 1996). The other three 
tocopherol and tocotrienol isomers are (β-, γ-, δ-). Tocopherols 
and tocotrienols consist of a chroman head group and a phytyl 
side chain giving vitamin E compounds an amphipathic 
character (Kamal-Eldin and Appelqvist 1996). Though 
antioxidant activity of tocotrienols vs. tocopherols has been less 
studied, a-tocotrienol is proven to be a better antioxidant than a-
tocopherol in the membrane environment (Packer et al. 2001). 
Tocopherols, synthesized only by plants and algae, are found in 
all plant parts (Janiszowska and Pennock 1976). Chloroplast 
membranes of higher plants contain a-tocopherol as the predo-
minant tocopherol isomer, and are hence well protected against 
photooxidative damage (Fryer 1992). 

The fact that makes Vitamin E especially important during 
the postanoxic phase in plant tissues is its chain-breaking 
antioxidant activity: It is able to repair oxidizing radicals 
directly, preventing the chain propagation step during lipid 
autoxidation (Serbinova and Packer 1994). It reacts with alkoxyl 
radicals (LO•), lipid peroxyl radicals (LOO•) and with alkyl 
radicals (L•), derived from PUFA oxidation (Buettner 1993; 
Kamal-Eldin and Appelqvist 1996). The reaction between 
vitamin E and lipid radicals occurs in the membrane-water 
interphase where vitamin E donates a hydrogen ion to the lipid 
radical with the consequent formation of tocopheroxyl radical 
(TOH•) formation (Buettner 1993). Regeneration of the 
tocopheroxyl radical back to its reduced form can be achieved by 
vitamin C (ascorbate), reduced glutathione (Fryer 1992) or 
coenzyme Q (Kagan et al. 2000). In addition, tocopherols may 
act as chemical scavengers of oxygen radicals, especially singlet 
oxygen, and as physical deactivators of singlet oxygen by charge 
transfer mechanism (Fryer 1992). 

Phenolic compounds as antioxidants. 

Phenolics (flavonoids, tannins, hydroxycinnamate esters and 

lignin) are the largest group of secondary compounds in many 

plant tissues (Grace and Logan 2000). Polyphenols possess ideal 

structural  chemistry   for  free  radical scavenging   activity,  and 

they have been shown to be more effective antioxidants in vitro  

than tocopherols and ascorbate. Antioxidative properties of 

polyphenols arise from their high reactivity as hydrogen or 

electron donors, and from the ability of the polyphenol-derived 

radical to stabilize and delocalize the unpaired electron (chain-

breaking function), as well as their ability to chelate transition 

metal ions (termination of the Fenton reaction) (Rice-Evans et al. 

1997). Another mechanism underlying the antioxidative 

properties of phenolics is the ability of flavonoids to alter 

peroxidation kinetics by modification of the lipid packing order 

and to decrease fluidity of the membranes (Arora et al. 2000). 

These changes could sterically hinder diffusion of free radicals 

and restrict peroxidative reactions. Moreover, it has been shown 

that phenolic compounds can be involved in the hydrogen 

peroxide scavenging cascade in plant cells (Takahama and Oniki 

1997). 

Enzymes participating in quenching ROS 

Superoxide dismutase (SOD) 
Enhanced formation of ROS under stress conditions may induce 
both protective responses and cellular damage. The scavenging of 
O2•- is achieved through the upstream enzyme - SOD, which 
catalyses the dismutation of superoxide to H2O2. This reaction has 
a 10,000-fold faster rate than spontaneous dismutation (Bowler et 
al. 1992). The enzyme is present in all aerobic organisms and in 
all sub-cellular compartments susceptible of oxidative stress 
(Bowler et al. 1992). These enzymes, classified by their metal co-
factor, can be found in living organisms; they are the structurally 
similar FeSOD (prokaryotic organisms, chloroplast stroma) and 
MnSOD (prokaryotic organisms and the mitochondrion of 
eukaryotes); and the structurally unrelated Cu/ZnSOD (cytosolic 
and chloroplast enzyme, Gram-negative bacteria). These 
isoenzymes differ in their sensitivity to H2O2 and KCN (Bannister 
et al. 1987). All three enzymes are nuclear encoded, and SOD 
genes have been shown to be sensitive to environmental stresses, 
presumably as a consequence of increased ROS formation. This 
has been shown in an experiment with corn (Zea mays), where a 
7-day flooding treatment resulted in a significant increase in 
TBARS content, membrane permeability and the production of 
superoxide anion-radical and hydrogen peroxide in the leaves 
(Yan et al. 1996). In roots the activity of SOD was determined 
without a prolonged re-oxygenation period, immediately after 
termination of the anoxic treatment. Excessive accumulation of 
superoxide due to the reduced activity of SOD under flooding 
stress was also shown (Yan et al. 1996). On the whole, 
antioxidant defenses are induced in plants under mild oxidative 
stress conditions (Lee et al. 2007), while a severe stress, such as 
anoxia, results in antioxidant depletion or slowered turnover and 
hence increased oxidative damage on re-oxygenation (Blokhina et 
al. 2000). 

As a result, after 3 days of anoxia the activity was 65% higher 
than in the control roots. In the more anoxia tolerant rice, anoxia 
did not affect SOD activity (Chirkova et al. 1999). Similar results 
were reported by Pavelic et al. (2000) for potato cell cultures 
during a post-anoxic period: only 60% of the initial specific SOD 
activity remained after 3h of reoxygenation. In cereals the activity 
of SOD has been found to decline depending on the duration of 
the anoxic treatment, while in Iris pseudacorus a 14-fold increase 
was observed during a reoxygenation period (Monk et al. 1989). 
An increase in total SOD activity was also detected in wheat roots 
under anoxia but not under hypoxia. The degree of increase 
positively correlated with duration of anoxia (Biemelt et al. 2000). 
Induction of SOD activity under hypoxia by 40-60% in roots and 
leaves under hypoxia of H. vulgare was shown by Kalashnikov et 
al. (1994). 

Hence, investigations of SOD activity in different plant 
species under hypoxia (submergence) and/or anoxia have resulted 
in contradictory observations. The explanation can be 
found in different  tolerance  to anoxia between species  
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and experimental setup (e.g. a prolonged reoxygenation pe-
riod in the case of Iris spp., while in cereal roots activity of 
the enzyme was determined immediately after anoxia). The 
formation of ROS already under hypoxic conditions and 
during reoxygenation could cause a rapid substrate overload 
of constitutive SOD, while induction could be probably by 
other factors (e.g. time, activity of downstream enzymes in 
the ROS-detoxification cascade, inhibition by the and pro-
duct (H2O2) and consequences of anoxic metabolism). Ob-
servations on SOD activity in different plant species under 
several stress conditions (drought, salinity and high/low 
temperature) suggest that different mechanisms may be in-
volved in oxidative stress injury (Yu and Rengel 1999a, 
1999b). Activation of oxygen may proceed through dif-
ferent mechanisms, not necessarily producing a substrate 
for SOD. It is well known that flooding stress causes a de-
crease in water transport from the roots to leaves resulting 
in stomatal closure and water stress in the leaves. In that 
case light stress can lead to the formation of highly reactive 
singlet oxygen (

1
O2). Changes in O2 electronic configura-

tion can lead to the formation of highly reactive singlet 
oxygen (

1
O2). Comparison of water stress effects in tolerant 

and intolerant wheat genotypes suggests that different me-
chanisms can participate in ROS detoxification. For exam-
ple, water stress leads to increased SOD activity in wheat 
but it was deduced that not SOD but ascorbate oxidase and 
catalase were the limiting factors in drought tolerance of 
susceptible wheat genotypes (Sairam et al. 1998). In an-
other experiment, oxidative stress conditions combined with 
cold acclimation of cold-resistant and non-resistant wheat 
cultivars, SOD activity in the leaves and in the roots was 
unaffected by the low temperature treatment but plants 
exhibited higher guaiacol peroxidase activity (Scebba et al. 
1998). Inefficiency of ROS detoxifying enzymes (SOD, 
CAT, ascorbate peroxidase and non-specific peroxidase) has 
been shown under water deficit-induced oxidative stress in 
rice (Boo and Jung 1999). In this paper a decrease in enzy-
matic activity was accompanied by lipid peroxidation (LP), 
chlorophyll bleaching, loss of AA reduced glutathione 
(GSH), α-tocopherol and carotenoids in stressed plants. The 
authors suggested the formation of a certain strong pro-
oxidant, which is neither superoxide nor H2O2 under the 
conditions of water deficit (Boo and Jung 1999). The ability 
of plants to overcome oxidative stress only partly relies on 
the induction of SOD activity and other factors can regulate 
the availability of the substrate for SOD: diversification of 
the pathways of ROS formation, compartmentalization of 
oxidative processes (charged ROS cannot penetrate the 
membrane) and compartmentalization of SOD isozymes. It 
is also possible that in different plant species and tissues 
different mechanisms are involved in the protection against 
oxidative stress. 

Catalases and peroxidases. Catalases and peroxidases are 
important enzymes present in the intercellular spaces, 
where they can regulate the level of H2O2 (reviewed by 
Willekens et al. 1995). Catalase functions through an inter-
mediate catalase-H2O2 complex (called Compound I) and 
produces water and dioxygen (catalase action) or can decay 
to the inactive Compound II. In the presence of an appropri-
ate substrate Compound I drives the peroxidatic reaction. 
Compound I is a much more effective oxidant than H2O2 
itself, thus the reaction of Compound I with another H2O2 
molecule (catalase action) represents a one-electron transfer, 
which splits peroxide and produces another strong oxidant, 
the hydroxyl radical OH• (Elstner 1987). OH• is a very 
strong oxidant and can initiate radical chain reactions with 
organic molecules, particularly with PUFA in membrane 
lipids. 

Under anoxia a differential response of the peroxidase 
system has been observed in coleoptiles and roots of rice 
seedlings. A decrease in activities of cell wall-bound guai-
acol and syringaldazine peroxidase activities was reported, 
while soluble peroxidase activity was not affected in cole-
optiles. In contrast anoxia-grown roots showed an increase  
in the cell wall-bound peroxidases (Lee and Lin 1995). Ac-

climation to anoxia has been shown to be dependent, at 
least partly, on peroxidases, which are up-regulated by an-
oxic stress in soybean cell cultures (Amor et al. 2000). In 
rice seedlings ADH and SOD activities responded non-sig-
nificantly to submergence, while catalase activity increased 
upon re-oxygenation (Ushimaru et al. 1999). 

Phospholipid hydroperoxide glutathione peroxidase. 
A key enzyme in the protection of membranes exposed to 
oxidative stress is the phospholipid hydroperoxide glutathione 
peroxidase (PHGPX). It is inducible under various stress 
conditions. PHGPX can also react with H2O2 but this is a 
very slow process. The enzyme catalyses the regeneration 
of phospholipid hydroperoxides at the expense of GSH and 
is localised in the cytosol and the inner membrane of 
mitochondria of animal cells. A cDNA clone homologous to 
PHGPX has been isolated from tobacco, maize, soybean, 
and Arabidopsis (Sugimoto et al. 1997). The PHGPX pro-
tein and its encoded gene csa have been isolated and cha-
racterised in citrus. It has been shown that csa is directly 
induced by the substrate of PHGPX under heat, cold and 
salt stresses, and that this induction occurs mainly via the 
production of ROS (Avsian-Kretchmer et al. 1999). As ROS 
production increases also after flooding or anoxia, it is 
probable that the expression of this gene is induced after 
flooding stress. 

Roles of ROS in signaling during hypoxic or 
anoxic stress 

ROS are formed constitutively as by-products of oxidative 
metabolism. In most cases imposition of stress results in a 
shift in the redox balance towards oxidation. However, 
under hypoxic or anoxic stress, the redox balance is first 
shifted to reducing conditions and only after reaeration oxi-
dations re-emerge and reactive oxygen species are formed. 
This is especially true in anoxia sensitive plants as their 
antioxidative capacity decreases during low oxygen condi-
tions (Blokhina et al. 2000), and hence ROS formation may 
be enhanced after reoxygenation (Blokhina et al. 2001). 
These changes are brought about by enhanced ROS forma-
tion and/or by a decline in antioxidant capacity. A disturbed 
redox balance can itself be an inducing signal for defence 
mechanisms. Under normal physiological conditions (PCD 
during aerenchyma formation, stomatal movements) plant 
cells are able of controlled production of ROS as signaling 
molecules. Implication of ROS and particularly H2O2 in 
signaling has been shown in a number of abiotic s tress 
responses such as oxygen deprivation, cell cycle regulation, 
cell death and wounding response (as reviewed in Blokhina 
et al. 2003 and Pitzschke et al. 2006) and can be transduced 
e.g. through protein cysteine oxidation (Cross and Temple-
ton 2006). 

Monitoring the expression of over 14,000 genes in cata-
lase-deficient tobacco (CATIAS) under H2O2-inducing ex-
posure to high light has revealed transcriptional responses 
that mimic those of both biotic and abiotic stresses such as 
low oxygen stress. Clustering and sequence analysis has re-
vealed induction of genes responsible for hormonal biosyn-
thesis, pathogen defense, mitochondrial metabolism, vesi-
cular trafficking, proteolysis and cell death (Vandenabeele 
et al. 2003). The latter events are meaningful also in the 
context of PCD in aerenchyma formation. The role of H202 
(and NO) has been studied further in the CATIAS mutant 
by Sago and coworkers (2006) and their work clearly points 
to PCD regulation. 

It is still not fully understood how H2O2 signals are 
perceived and transduced in aerenchyma formation. In 
maize roots the appearance of superoxide anions and 
hydrogen peroxide has been shown in cortical cells, 
which degenerate to form aerenchyma through 
programmed cell death (Bouranis et al. 2003). In pea 
(Pisum sativum) roots the imposition of flooding has 
been shown to lead to programmed cell death as 
demonstrated with the TUNEL method and by DNA 
laddering  in  procambial  and ground meristem tissues  
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(Gladish et al. 2006). Although we do not know yet how H2O2 
acts in aerenchyma formation or in the induction of protective 
events under flooding stress, it has known functions in related 
events. It has been shown that H2O2 is a potent inducer of 
specific mitogen-activated protein kinase kinase kinase (ANP1) 
in Arabidopsis. ANP1 initiates a phosphorylation cascade by 
mitogen-activated protein kinases (MAPK), which in turn lead 
to the induction of oxidative stress responsive genes (Kovtun et 
al. 2000). In another study, H2O2 exposure of Arabidopsis cells 
led to changed expression levels of 175 genes, of which 113 
coded for proteins with antioxidant functions or were related 
to stress responses (Desikan et al. 2001). 

The first redox-sensitive transcription factor that has 
been described in plants is NPR1, which acts as a regulator of 
plant systemic acquired resistance (SAR) (Mou et al. 2003). 
NPR1 function depends on ROS-mediated oxidation of reduced 
cysteine residues in a similar manner to E. coli OxyR and yeast 
Yap1 (as reviewed in Pitzschke et al. 2006). Another 
transcription factor that has been characterized recently is 
TaMYB1 from wheat roots and it is expressed during hypoxic 
conditions (Lee et al. 2007b). MYB transcription factors are 
known to be involved in abiotic stresses and the Myb binding 
site is vital for the anaerobic expression of the GapC4 promoter 
in tobacco (Geffers et al. 2001) and for the induction of ADH1 in 
Arabidopsis (Hoeren et al. 1998). Another transcription factor, 
NRF2, has also been shown to act in oxidative stress in 
mammalian and yeast cells, but it remains to be seen whether it 
is present in plant tissues (Karapetian et al. 2005). 

H2O2 is known also to act as a signaling molecule in 
defense against pathogens (Desikan et al. 2001), in growth and 
morphogenesis through the cell cycle, and in responses to 
many plant hormones such as ethylene and abscisic acid, which 
have known functions in plants under flooded conditions 
(Overmyer et al. 2003). It has also been shown that H2O2-
induced MAPK cascade in Arabidopsis represses auxin-
inducible gene expression (Kovtun et al. 2000). However, it is 
known that the oxidative burst and cognate redox signaling work 
in a signal network that functions independently of ethylene, 
salicylic acid (SA) and methyl jasmonate (Me-JA) but is 
dependent on MAPKK activity (Grant et al. 2000). 

DAVIES-ROBERTS pH-STAT THEORY 

This concept, which was reviewed by Fox et al. (1995a, 1995b) 
and Ratcliffe (1997), was initially suggested by Davies et al. 
(1974), who studied the time-course of lactate and ethanol 
accumulation in cell-free extracts from pea seeds. According 
to this concept, the acidification of the cytoplasm during the 
first phase of anaerobiosis due to lactic fermentation results in 
inhibition of lactate dehydrogenase which exhibits optimum 
functioning at neutral pH and simultaneous activation of 
pyruvate decarboxylase (which has optimum activity at low 
pH). As a result, switching from lactic to ethanolic 
fermentation occurs. In organisms that cannot switch to 
ethanolic fermentation, further lactate accumulation leads to 
lowered cytoplasmic pH and eventually cell death due to 
cytoplasmic acidosis. Later studies, using NMR, confirmed 
the pH-stat theory (Roberts et al. 1982, 1984a, 1984b, 1985; 
Fan et al. 1988; Menegus et al. 1991; Fox et al. 1995a; Fan et 
al. 1997; Ratcliffe 1997; Chang et al. 2000; Fan et at 2003). 
In particular, Roberts et al. (1982) used the pH-stat theory to 
explain results obtained with detached maize roots subjected 
to anaerobic stress in that there was a strong correlation 
between increased levels of lactate ions, cytoplasmic 
acidification and shortly followed by root tip death. When 
using weakly permeating bases and acids, researchers can 
change the cytoplasmic pH and induce a switch from one 
type of fermentation to another (Fox et al. 1995a), thus also 
arguing for the pH-stat theory. Thus, according to Davies-
Roberts' concept (Davies 1980; Roberts et al. 1982, 1985), the 
acidification of the cytoplasm induces damage and eventually  
 

death of intolerant plants, whereas anoxia-tolerant plants control 
this acidification process by switching from lactic- to ethanolic 
fermentation. 

However, the results of other researchers sometimes 
contradicted those of Davies and Roberts. In particular, it was 
shown that switching from lactic to ethanolic fermentation 
during the early period of anaerobiosis did not occur in all plant 
species. For example, in barley roots, lactic fermentation 
under anaerobic conditions lasted for four days (Hoffman et al. 
1986). When studying the induction of alcoholic and lactic 
fermentation in various organs of different plants (pea and 
rice roots, pea embryos, apple fruit, and Acer platanoides 
leaves) after their transfer from aerobic to anaerobic 
environment, Andreev and Vartapetian (1992) concluded 
that there is no single universal mechanism for the induction of 
alcoholic and lactic fermentation. Kennedy et al. (1992) 
suggested that the Davies-Roberts theory could not be applied 
to plants with true tolerance to anoxia, such as rice and 
Echinochloa. Finally, in studies performed with maize roots 
(Saint-Ges et al. 1991) cytoplasm acidification coincided in 
time with the hydrolysis of nucleotide triphosphates but not 
with lactate accumulation. 

Along with changes in the cytoplasmic pH, the application 
of NMR permitted the monitoring of biochemical 
conversions of organic compounds in vivo under conditions of 
hypoxia and anoxia. In particular, following the 13C-acetate 
conversion under anoxic conditions showed label 
incorporation into citrate, glutamate, γ-aminobutyric acid, and 
succinate. Moreover, it was shown that the tricarboxylic acids 
and glyoxylate cycles function partially under anoxia (Fan et al. 
2003). 

Thus, changes and regulation of cytoplasmic pH occur not 
only as a result of lactate synthesis and nucleotide triphosphate 
hydrolysis but also because of the functioning of other 
anaerobic biochemical processes, including those catalyzed 
by glutamate dehydrogenase and malate decarboxylase. As a 
result, protons are consumed and pH of the cytoplasm is 
controlled. The enzymes responsible for the synthesis of 
alanine (Good and Crosby 1989) and γ-aminobutyric acid (Ford 
et al. 1996) are also actively involved in this process. 

Some authors also consider the role of nitrate as a ter-
minal acceptor of electrons during NAD+ recyclization (Fan et 
al. 1988). This protective role of nitrate was also demonstrated 
under anoxia in electron-microscopic studies (Vartapetian and 
Polyakova 1999; Polyakova and Vartapetian 2003). Fan et 
al. (1988) believe that the process of cytoplasm acidification 
is suppressed by nitrate accepting protons. In some plants, 
lactate removal from the cells also favors reduced cytoplasm 
acidity (Rivoal and Hanson 1994). 

Thus, the application of NMR technology considerably 
facilitated the in vivo observation not only of cytoplasmic pH 
changes but also of the processes of cell carbon and nitrogen 
cell component interconversions under conditions of 
anaerobic stress (Ratcliffe 1997; Fan et al. 2003). 

Finally, in several studies, it was shown that when 
plants are transferred from aerobic to anaerobic environ-
ments, lactic and ethanolic fermentation do not occur suc-
cessively, as is predicted by the pH-stat theory of Davies-
Roberts, but rather simultaneously (Andreev and Vartapetian 
1992). Alternatively anaerobic respiration functions essentially 
without lactic fermentation (Menegus et al. 1991). 

Nevertheless, both alternative points of view, i.e., 
damage and death of plant cells under anaerobic stress as a 
result of cytoplasm acidification or due to energy shortage 
determined by substrate starvation or insufficient activity of 
glycolysis and fermentation are under active investigation and 
discussion (Chang et al. 2000; Summers et al. 2000; Gout et 
al. 2001; Sato et a1. 2002; Fan et al. 2003; Jackson and Ram 
2003; Ismond et al. 2003; Loretti et al. 2003; Vartapetian et 
al.. 2003; Felle 2005; Harada et al. 2005; Huang et al. 2005; 
Dixon et al. 2006; Felle 2006; Sachs and Vartapetian 2007). 

Data in favor of the significance of energy metabolism 
for both cytoplasm acidification and plant tolerance was  
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obtained by Xia et al. (1995). The authors showed that man-nose 
and NaF partially suppressed the rate of anaerobic fermentation 
(measured by ethanol accumulation), which was primarily induced 
by hypoxia. This resulted in a decrease in the content of ATP and 
total adenylates below the levels found in roots that were not 
subjected to hypoxia or treated with an inhibitor. Nevertheless, 
these conditions did not reduce the tolerance to anoxia of 
acclimated roots as well as their capability to regulate 
cytoplasmic pH. The authors suggested that hypoxic 
pretreatment could somehow improve the affinity of key 
enzymes for ATP and help maintain cytoplasmic pH maintenance. 
One such possibility is an enhanced lactate release into the 
surrounding medium, which might help to avoid cytoplasm 
acidification (Xia and Saglio 1992). Xia et al. (1995) indicated that 
under anoxia, survival of roots subjected to acclimation and 
control of cytoplasmic pH does not essentially depend on the 
actual ATP level in the cell, whereas the rate of ATP synthesis has 
greater significance. Although in these experiments, the level of 
ATP and energy charge in the root cells subjected to acclimation by 
hypoxia and treatments with inhibitors decreased, the rate of 
fermentation, i.e., ATP generation under anoxia, was 2.5- to 4-
fold higher than in non-acclimated control roots. The threshold 
level of the fermentation (ATP production) in experimental roots, 
below which the roots lost their resistance to anoxia, was 2.5-fold 
higher than in control, non-acclimated roots. The authors con-
cluded that a critical level of glycolytic flow under anoxia 
evidently reflects a lower rate of ATP production required for 
the maintenance of cell viability. Experiments by Generosova et al. 
(1998) with detached shoots of rice seedlings showed that 
exogenous cytoplasm acidification by exogenous application of a 
weak acid in fact markedly inhibited anaerobic growth of such 
flood-tolerant organs such as rice coleoptile. This "acid" effect 
could be weakened substantially by stimulating cell energy 
metabolism under anaerobic conditions with exogenous glucose. 
These results are in a good agreement with observations made 
on maize root tips and Acer pseudoplatanus cell cultures by 
NMR (Saint-Ges et al. 1991; Gout et al. 2001). It was shown that 
when plant cells were transferred from aerobic to anaerobic con-
ditions, a simultaneous decrease in the cytoplasmic pH and the 
nucleotide triphosphate pool occurs. The authors believed that a 
sharp drop in pH during the early stages of anaerobiosis occurs 
because of nucleotide triphosphate hydrolysis. When anoxic A. 
pseudoplatanus cells were fed by glucose, the cytoplasmic pH 
partially increased due to ATP synthesis in the process of enhanced 
ethanolic fermentation. 

ALTERNATIVE ELECTRON ACCEPTORS 

Nitrate reduction into nitrite and ammonia under anoxia is 
considered by some researchers as a compensatory mechanism of 
NADH oxidation (Reggiani et al. 1985a; Fan et al. 1988; Ivanov 
and Andreev 1992; Fan et al. 1997; Reggiani and Bertani 2003; 
Antonacci et al. 2007). Such oxidation helps to escape cytoplasm 
acidification because nitrate reduction is proton consuming process 
functioning as biochemical pH-stat (Roberts et al. 1985; Fan et al. 
1997; Oberson et al. 1999; Libourel et al. 2006). It is also 
believed that glycolysis and fermentation, i.e., anaerobic cell 
energy metabolism, could be accelerated by such way (Reggiani et 
al. 1985a, 1985b). According to other researchers, a positive 
physiological role of nitrate under hypoxia is no evident (Saglio 
et al. 1988). Finally, based on investigations of exogenous 
nitrate action on growth and energy metabolism in rice, pea, and 
wheat seedlings, it was concluded that nitrate effects on plant 
adaptation to anaerobic stress are negative (Ivanov and Andreev 
1992). 

In the study of Fan et al. (1988), it was shown that exogenous 
nitrate reduced ethanol accumulation in maize roots under 
conditions of anoxia whereas in other studies (Reggiani et al. 
1985a, 1985b; Mattana et al. 1993; Müller et al. 1994), nitrate 
stimulated anaerobic respiration in the rice and Carex roots. 
Botler and Kaiser (1997) did not observe any enhancement of 
ethanolic fermentation in barley roots under anaerobiosis, 
although the activity of nitrate reductase increased substantially.  

 

Electron-microscopic examinations of exogenous nitrate effect on 
the ultrastructure of rice coleoptile and wheat root mitochondria 
under conditions of strict anoxia (Vartapetian and Polyakova 
1999; Polyakova and Vartapetian 2003) allowed the conclusion 
that nitrate exerts a protective action under these extreme 
conditions. Thus, when detached roots and coleoptiles were 
incubated under anaerobiosis in the absence of nitrate, 
mitochondria were destroyed in 6-9 h and 24-48 h, 
correspondingly, whereas, in the presence of nitrate and under 
the same experimental conditions, mitochondria remained intact 
even after 9 h (root) and 48 h (coleoptile) of anaerobic incubation 
(Polyakova and Vartapetian 2003). The protective effects of 
nitrate in rice coleoptiles were evidently related to the stimulation 
of energy metabolism because, in rice coleoptiles under anoxia, 
ethanolic fermentation prevails but not lactic fermentation leading 
to proton accumulation (Menegus et al. 1991). On the other hand, 
in rice coleoptile exposed to anoxia, nitrates are reduced to NH4 
and amino acids (Mattana et al. 1993; Reggiani and Bertani 
2003), whereas, in roots nitrates are reduced to nitrite (Botrel and 
Kaiser 1997). 

The benefical effect of nitrate in relation both cytoplasmic 
acidification and plant survival under anoxia was recently 
confirmed (Stoimenova et al. 2003; Allegre et al. 2004; Libourel 
et al. 2006; Antonacci et al. 2007). However, there is some doubt 
in relation to above mentioned explanations of mechanisms 
responsible for protective effect of nitrate in the absence of 
molecular oxygen. Moreover, basing on accumulated 
experimental data Libourel et al. (2006) concluded that the 
reason for the benefical effect of nitrate on pH regulation under 
anoxia is unkown. The results of in vivo 3IP NMR spectroscopy 
investigation of both nitrate and nitrite effects on cytoplasma 
acidification of Zea mays root segment under anoxia 
demonstrated unexpectedly that benefical effect of nitrate should 
be explained by anaerobic reduction of nitrite to nitric oxide but 
not nitrate to nitrite (Libourel et al. (2006). 

The physiological role of class 1 haemoglobin in oxidation 
of NO, generated in plant cell under hypoxia as a result of nitrate 
reduction (haemoglobin-based nitrate recycling), we have 
discussed in the previous section of this review. 

Kennedy et al. (1991) believed that, along with nitrate, 
anaerobically synthesized lipids could serve as alternative 
terminal acceptors of electrons and protons under conditions 
of anaerobic stress. In addition, it was suggested that 
unsaturated fatty acids (FAs) could serve as proton acceptors 
under anoxia (Zs.-Nagy and Galli 1977; Chirkova 1988). 
Henzi and Brӓndle (1993) showed that, during a 70day-long 
anaerobiosis exposure of the rhizomes of some plants 
inhabiting flooding soils, the degree of FA saturation 
increased and the amount of unsaturated FAs, especially li-
nolenic acid, was reduced. The role of anaerobically synthe-
sized lipids, as alternative electron acceptors for plants under 
anaerobic stress was studied in experiments on the weed 
growing in rice fields Echinochloa phyllopogon (Kennedy et 
al. 1991; Fox et al. 1994) for which seeds, as for rice seeds, 
germinate easily under anoxic conditions (Kennedy et al. 
1980). The authors showed that during anaerobic germination 
of E. phyllopogon seeds, primary leaves actively accumulated 
lipid bodies (spherosomes). It was concluded that lipids 
synthesized de novo under anoxia served as acceptors of 
electrons and protons. The authors considered this 
phenomenon as a biochemical mechanism of adaptation to 
anoxia of such tolerant plants such as E. phyllopogon and rice 
seedlings (Kennedy et al. 1991; Fox et al. 1994). In fact, 
Vartapetian et al. (1978c) and Kennedy et al. (1991) 
demonstrated experimentally that lipid precursors, 14C-
acetate and 3H-glycerol, were incorporated under anoxia 
into the molecules of phospholipids, glycolipids, and 
neutral lipids of primary leaves of rice and E. phyllopogon 
seedlings. However during the course of anaerobic lipid 
biosynthesis in  rice coleopti les the l ipid precursor 
1 4C-acetate was incorporated only in saturated but  not  
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in unsaturated fatty acids (Vartapetian et al. 1978c). In ex-
periments with three- and seven-day old rice coleoptiles 
Brown and Beevers (1987) also demonstrated that no signi-
ficant increase occurred in unsaturated fatty acids took 
place during anaerobic growth of coleoptiles. Only a small 
increase in saturated fatty acids could be detected under 
anoxia. Subsequent electron-microscopic and biochemical 
studies with anaerobically germinated rice seeds (Vartape-
tian et al. 2003; Generozova and Vartapetian 2005) showed 
that under conditions of anaerobiosis, rice coleoptiles did 
not accumulate lipid bodies and that the level of FAs did not 
markedly increase. FA saturation was also not observed: 
index of their saturation was practically similar before and 
after long-term anaerobic incubation of germinating seeds. 
It was concluded that neither lipid unsaturated FAs of lipids 
nor anaerobically synthesized lipids function as terminal ac-
ceptors of electrons as an alternative to molecular oxygen in 
rice seedlings under anaerobic conditions. Studies of various 
lipid classes in rice seedlings grown under aerobic and 
anaerobic conditions (Vartapetian et al. 1978b) also favor 
this point of view, to some degree. In these latter experi-
ments, no substantial differences in qualitative and quanti-
tative composition of lipid FAs between seedlings grown 
under contrasting conditions was not found. Hence, the re-
sults of the aforementioned experiments with incorporation 
of 14C-acetate and 3H-glycerol into various lipid classes 
under anoxia (Vartapetian et al. 1978c; Kennedy et al. 
1991) can be considered as a demonstration of saturated FA 
turnover in lipids without a corresponding lipid accumulation 
or FA saturation. 

Thus, in contrast to conclusions of Kennedy and cowor-
kers (Kennedy et al. 1991; Fox et al. 1994) and some other 
researchers (Zs.-Nagy and Galli 1977; Chirkova 1988), it 
was concluded that under conditions of anaerobic stress, 
neither lipid synthesis and accumulation nor FA saturation 
in rice seedlings could be considered as an alternative 
mechanism of electron acceptation and plant adaptation to 
anaerobic stress (Vartapetian et al. 2003; Generozova and 
Vartapetian 2005). 

DEMONSTRATION OF ADAPTATION SYNDROME IN 
PLANTS UNDER ANAEROBIC STRESS 

The exposure of plant organs and tissues that are sensitive 
to anaerobic stress at oxygen deficiency results in character-
istic changes primary in the mitochondrial membrane ultra-
structure; namely, the cristae disappear and mitochondria 
themselves are subjected to swelling (Vartapetian et al. 
2003). Early changes in the mitochondrial structure are re-
versible: after a plant is transferred back to aerobic condi-
tions, their ultrastructure and capacity for oxidative phos-
phorylation is completely restored (Andreev et al. 1996). 
During longer anaerobiosis treatments, destructive changes 
in mitochondria become more pronounced, mitochondria' 
degradation becomes irreversible and the cells die. When 
plant cells or organs are tolerant to anoxia i.e., rice coleop-
tiles (Vartapetian et al. 1978a, 2003), or the resistance to 
anoxia of not tolerant plant organs is increased artificially 
by feeding with exogenous sugar (Vartapetian et al. 1977), 
there is no destructive changes in mitochondria under rather 
long-term oxygen deficiency. However, mitochondria will 
often acquire an elongated shape, and/or the cristae are po-
sitioned in parallel rows (Vartapetian et al. 1977, 2003). 

A more detailed electron-microscopic examination of 
the initial stage of anaerobiosis revealed unexpected rear-
rangements of the mitochondrial ultrastructure, which were 
not noticed in earlier experiments. In maize and wheat 
seedlings as soon as 15-30 min and in pea roots even within 
2 min after their transfer from aerobic to anaerobic envi-
ronment, an obvious destruction of some mitochondria was 
observed (Generozova et al. 1984; Vartapetian et al. 1987; 
Andreev et al. 1991). After 60-90 min, almost all mitochon-
dria swelled and lost their cristae. However, during an ex-
tended exposure to anaerobiosis, mitochondria did not con-
tinue to degrade but, in contrast, completely restored their 

 

 

 

initial ultrastructure. By 3-5 h of anaerobiosis, the mito-
chondrial matrix became denser and cristae reappeared. 
This state of ultrastructure was maintained for several hours. 
Following this period, a new wave of mitochondrial des-
truction occurred, which after 24 h for leaves and within 12-
24 h for roots, resulted in irreversible degradation of mito-
chondria and other cell organelles. 

In order to elucidate possible molecular mechanisms of 
such unexpected ultrastructural rearrangements of mito-
chondrial membranes, we performed an anaerobic incuba-
tion of wheat leaves in the presence of exogenous glucose 
because, in earlier experiments, as was aforementioned, 
such feeding enhanced glycolysis and fermentation, thus 
maintaining a high level of the cell energy status and intact 
ultrastructure of mitochondria. In fact, when feeding with 
glucose, there were no signs of mitochondrial destruction 
after either 30, or 60, or 90 min of anaerobiosis (Vartapetian 
et al. 2003). These results of these experiments seemingly 
indicate that early mitochondrial membrane destruction in 
the absence of exogenous glucose occurs due to substrate 
starvation. However, subsequent restoration of mitochon-
drial ultrastructure under lasting anaerobic incubation in the 
absence of exogenous glucose contradicts this supposition 
about substrate starvation. 

A possible hypothesis to explain this phenomenon is . 
that, with increasing duration of anaerobic incubation, an-
aerobic proteins, including enzymes of glycolysis and fer-
mentation, are synthesized, which accelerates glycolysis 
and ATP generation and, correspondingly, favors restoration 
of the mitochondrial ultrastructure. To verify this hypothesis, 
plant anaerobic incubation was performed in the presence 
of le M cycloheximide, thus inhibiting the synthesis of de 
novo proteins. Under these conditions, mitochondria swelled 
in 30-90 min. However, as distinct from treatment in the 
absence of cycloheximide, subsequent restoration of their 
ultrastructure in 3-5 h of anaerobic incubation was not 
observed. In contrast, within 6-9 h, irreversible degradation 
of mitochondria occurred (Vartapetian et al. 2003). The re-
sults of these experiments lead to a model showing that cell 
energy metabolism plays a key role in early destruction and 
subsequent regeneration of mitochondrial ultrastructure. 
During 3-5 h, both feeding with glucose and the synthesis 
of anaerobic proteins (most of them are enzymes of gly-
colysis and fermentation and also other related processes of 
carbohydrate metabolism) favor corresponding enzyme-
substrate interaction. At the same time, ATP generation is 
enhanced, which favors the restoration of mitochondrial 
membrane fine structure. It should be noted that Van Toai 
and Bolles (1991) observed a similar situation when study-
ing post-anaerobic Glycine max cell injury with reactive 
oxygen species. The authors transferred the cells after 1-2 h 
of anaerobiosis to an aerobic environment and observed that 
they were damaged by reactive oxygen species. When the 
cells were transferred to an aerobic environment after 3-5 h 
of anaerobiosis, damage was insignificant or absent, evi-
dently due to anaerobic synthesis of SOD, a scavenger of 
oxygen radicals. 

The above-described phenomenon of ultrastructural re-
arrangements of mitochondrial membranes, which was 
observed initially in experiments with various maize organs 
(Generozova et al. 1984), was also described for the roots 
of anaerobically incubated maize seedlings (Aldrich et al. 
1985). However, reversible destruction of mitochondrial 
membranes occurred in these experiments of Aldrich et al. 
(1985) during 8-26 h of anaerobiosis, whereas, in experi-
ments of Generozova et al. (1984) similar rearrangements 
occurred during much shorter exposures to anaerobic condi-
tions while under such long-term anaerobiosis, mitochondria 
and other cell organelles in the maize roots displayed obvious 
signs of degradation. 

The phenomenon of reversibility of mitochondria! 
membrane destruction and restoration under extreme condi-
tions of continuous anaerobic stress is of some historical 
interest as well. The results of these experiments demons-
trated at the subcellular level the applicability to plants of 
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the concept of "general adaptation syndrome", which was put 
forward by the physician Hans Selye about 60 years ago for 
animals and human (Selye 1950), to understand the putative 
mechanisms functioning under stress conditions. According to 
Selye, human and animal responses to unfavorable conditions 
consists of three successive stages: the state of unspecific stress 
or "alarm" stage (in our case, reversible destruction of 
mitochondrial membranes in leaves and roots); "adaptation" state 
(in our case, the recovery of initial mitochondrial ultrastructure in 
leaves and roots); and finally "exhaustion" state (in our case, 
irreversible degradation of mitochondrial membranes in leaves 
and roots at more prolonged anaerobic incubation). 

GENETIC AND CELLULAR ENGINEERING 

Taking into account the role of glycolysis and alcoholic fer-
mentation in plant adaptation to hypoxia and anoxia, 
attempts were made to increase the rate of ethanolic fer-
mentation and thus plant tolerance by genetic engineering 
manipulations (Bücher et al. 1994; Tadege et al. 1998; Quimio et 
al. 2000; Rahman et al. 2001; Ismond et al. 2003). Thus, in 
experiments of Bücher et al. (1994), transgenic tobacco plants were 
obtained by insertion of the pyruvate decarboxylase (PDC) gene 
from the obligatory anaerobic bacterium Zymomonas mobilis 
into the plant genome. The transgenic exhibited an increased 
content of PDC protein in leaves and an increased activity of the 
enzyme in vitro and in vivo. Correspondingly, during the first 2-
4 h of anoxia, the leaves of the transgenic tobacco 
accumulated more acetaldehyde (by 10-35 times) and ethanol 
(by 8-20 times) than the leaves of wild-type plants. However, the 
plants did not display an improved tolerance to anoxia. Tadege et 
al. (1998) also inserted the PDC gene from Z. mobilis into the 
tobacco genome. The accumulation pattern of the products of 
ethanolic fermentation in plant roots differed somewhat from that 
observed earlier by Bucher et al. (1994). Since the initial activity 
of pyruvate decarboxylase (PDC) in wild-type tobacco roots 
was much higher than in leaves, the introduction of the 
bacterial gene resulted in an insignificant enzyme activation and, 
correspondingly, a lower accumulation of acetaldehyde and 
ethanol in the roots as compared with the leaves. Nevertheless, 
the acceleration of ethanolic fermentation in transgenic roots, in 
fact reduced root tolerance to anoxia. The authors supposed that 
an enhanced carbohydrate consumption in the process of acceler-
ated glycolysis and fermentation exhausted tissues in substrates 
for glycolysis. Thus, substrate starvation caused a more rapid 
death of transgenic plants under anoxia. In fact, feeding of 
transgenic plants with exogenous sugars improved their 
tolerance to anoxia (Tadege et al. 1998). 

Quimio et al. (2000), but not Rahman et al. (2001), reported 
an improved tolerance to submergence of transgenic rice 
seedlings over-expressing a PDC gene. The results obtained by 
Ismond et al. (2003) are more supportive. They manipulated the 
level of enzymes of alcoholic fermentation, pyruvate decarboxylase 
(PDC) and alcohol dehydrogenase (ADH), in transgenic 
Arabidopsis plants. In contrast to the results of Tadege et al. 
(1998), the Arabidopsis with a trans-genic PDC gene not only 
displayed an accelerated ethanolic fermentation but also a higher 
tolerance to hypoxia as compared to wild-type plants. In 
contrast to the PDC trans-genic plants, Arabidopsis with a 
transgenic ADH gene exhibited an increase in the ADH activity that 
did not result in improved tolerance. Furthermore, in the adh1 
mutant, accumulation of acetaldehyde dropped sharply and plant 
tolerance to low-oxygen stress was strongly reduced. A high 
sensitivity of Arabidopsis ADH null mutants to hypoxia, as in the 
previous experiments of Schwartz (1969) in maize, could be 
induced by acetaldehyde accumulation, which quantity rose 
sharply in the cells devoid of ADH and, this correspondingly, 
lessens the possibility for reducing acetaldehyde and thus no longer 
protecting the cells from its toxic effects. Along with the 
acetaldehyde accumulation it is impossible to exclude the 
probable accumulation of pyruvate which could result, with the  
 
 
 
 

involvement of lactate dehydrogenase (LDH), in the 
accumulation of toxic amounts of lactate or acidosis. Ismond et 
al. (2003) performed experiments on plant feeding with 3% 
sucrose and showed that a sufficient supply of substrate to the 
plant helped to improve their tolerance to oxygen deficiency. This 
conclusion is in a good agreement with the results of earlier 
experiments (Vartapetian et al. 1977, 1978a) and subsequent data 
of others researchers (Saglio et al. 1980; Brӓndle 1985; Johnson et 
al. 1989; Xia and Saglio 1990; Waters et al. 1991; Hole et al. 
1992; Xia et al. 1995; Ricard et al. 1998; Tadege et al. 1998; 
Loreti et al. 2003). 

On the basis of their studies, Ismond et al. (2003) concluded 
that PDC activity is tightly related to the rate of carbon flow 
along the pathway of ethanolic fermentation and determines a 
tolerance to low-oxygen stress, i.e., PDC immediately controls 
ethanolic fermentation. Thus, the results obtained by Ismond et 
al. (2003) substantially supported the idea of a key role for 
energy metabolism in the true plant tolerance to anaerobic stress 
(Vartapetian et al. 1977, 1978a, 2003). 

Another approach applied to create plants more tolerant to 
anaerobic stress has been the selection of cultured sugarcane 
Saccharum officinarum and wheat Triticum aestivum cell lines 
(Stepanova et al. 2002; Vartapetian et al. 2003). In these 
experiments, calli derived from the meristem of sugarcane and 
wheat embryos and grown under aerobic conditions on a 
modified Murashige and Skoog (MS) nutrient medium 
(Kharinarain et al. 1996) were then subjected to a stepwise 
selection under anoxia of increasing duration. 

Based on the notion of a key role of carbohydrate and energy 
metabolism in plant cell tolerance to anaerobiosis (Vartapetian et 
al. 1977, 1978a) exogenous sugar was excluded from the MS 
nutrient medium during anaerobic incubation. This circumstance 
most likely had a decisive consequence for successive selection of 
more tolerant cells because, under these conditions, cell 
tolerance to the absence of oxygen was entirely determined by 
mobilization of endogenous carbohydrate reserves and their 
subsequent utilization in the processes of energy metabolism 
(glycolysis, fermentation). The presence of exogenous sugars 
in MS medium could substantially affect all these processes 
making even impossible the selection of tolerant cells. The results 
of electron-microscopic examinations and also a cell capacity for 
post-anaerobic growth showed that the cells selected in such a 
way were much more tolerant to anoxia than control, initial 
cells. Plants regenerated from such tolerant cells turned out to 
be more tolerant to soil anaerobiosis than the parent plants, 
which were used for callus production (Stepanova et al. 2002; 
Vartapetian et al. 2003). 

CONCLUDING   REMARKS 

Studies on plant anaerobic stress during past decades confirmed 
and substantially developed the concept of two general 
strategies of plant adaptation to hypoxia and anoxia. Based on the 
scientific advances that demonstrated the key role of energy and 
related processes of carbohydrate mobilization and utilization in 
plant metabolic adaptation to oxygen deficiency, the first attempts 
were made to create plants more tolerant to anaerobic stress using 
biotechnological approaches (such as gene and cell engineering) 
for stimulation and regulation of plant energy metabolism 
(glycolysis and fermentation). 

This review paid special attention to the second general strategy of 
plant adaptation to oxygen deficiency in the environment by formation 
of aerenchyma and distant transport of molecular oxygen, i.e. by 
avoidance of anaerobiosis. Accordingly, special attention is paid to 
mechanism of aerenchyma formation, which considerably facilitates O2 
transport from aerated plant parts to the organs located in an anaerobic 
environment. Progress in the studies of aerenchyma formation and oxygen 
transport from aerated plant parts to the roots located in an anaerobic 
environment resulted in new essential evidence of the pivotal role of dis- 
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tant transport of molecular oxygen, rather than root metabolic 
adaptation, in the maintenance of vital functions of the plants 
inhabiting submerged and waterlogged soils. Marked success 
was also achieved in identifying of signaling systems and 
molecular mechanisms that function both in tolerant and 
intolerant plants under hypoxia and anoxia in the process of 
aerenchyma formation. 

Progress has been made in the studies of the role of both 
post-anaerobic oxidative stress in plants, and of protective low 
molecular weight systems and enzymatic mechanisms operating 
under such stress conditions. Both of these mechanisms play an 
important role under normal aerobic conditions and especially 
during post-anoxic recovery of plant tissues. In addition to the 
well-known antioxidants, plants contain numerous small 
molecular compounds, which have their main functions 
elsewhere in metabolism, but which have antioxidative 
properties. Such compounds, e.g. of phenolic origin, may have 
yet undiscovered significance in the protection of plant cells 
against oxidative damage. 

The chemistry of the production of various ROS and RNS 
has been studied in detail in plants under normal conditions as 
well as under biotic and abiotic stresses such as low oxygen 
availability, but many molecular level interactions are still 
unclear. At the moment research efforts are concentrating on 
the signaling roles and routes of the various reactive species 
and their crosstalk, not only under different stress conditions 
but also in the regulation of developmental events. Some details 
of this obviously intricate signaling network are beginning to 
emerge, while others, such as the probable ROS or RNS 
interaction with many other transcription factors than just 
NPR), remain elusive. 

During the last decades considerable advances were also 
achieved in NMR-studies of the role of lactate and ethanolic 
fermentation in plant adaptation to anaerobic stress. A 
predominant role of ethanolic fermentation has become evident 
in both anaerobic energy generation and intracellular 
stabilization. Nevertheless, some experimental evidence has 
been accumulated suggesting that in addition to lactate and 
ethanolic fermentation, other biochemical processes associated 
with electron and proton acceptance have an important part in 
stabilization of cellular environment under hypoxic and anoxic 
stresses. Specifically, the role of nitrate as one of such terminal 
electron acceptors was rather convincingly demonstrated in 
some studies. Lastly, experiments on the plants exposed to 
anaerobic stress have for the first time visualized and 
demonstrated on the subcellular level the phenomenon of 
adaptation syndrome in plants and possible mechanisms of its 
realization on molecular level. 
 

ACKNOWLEDGEMENTS 

This work was supported by the Russian Foundation for Basic Re-

search, project no. 06-04-48446 - a. The authors are grateful to L.I. 

Polyakova for help in the preparation of the manuscript. 
 

REFERENCES 
 

Albrecht G, Mustroph A (2003) Sucrose utilization via invertase and sucrose 

synthase with respect to accumulation of cellulose and callose synthesis in wheat 

roots under oxygen deficiency. Fiziologia Rastenii (Moscow) 50, 907915 (Russian 

Journal of Plant Physiology English Translation 813-820) 

Alderton WK, Cooper CE, Knowles RG (2001) Nitric oxide synthases: structure, 

function and inhibition. Biochemical Journal 357, 593-615 

Aldrich DC, Ferl RJ, Hits MD, Akin DE (1985) Ultrastructural correlates of 

anaerobic stress in corn roots. Tissue Cell 17, 341-348 

Allegre A, Silvestre J, Morard P, Kallerhoff J, Pinelli E (2004) Nitrate reductase 

regulation in tomato roots by exogenous nitrate: a possible role in tolerance to long-

term root anoxia. Journal of Experimental Botany 55, 2625-2634 

Almeida AM, Vriezen WII, van der Straeten D (2003) Molecular and physiological 

mechanisms of flooding avoidance and tolerance in rice. Fiziologia Rastenii (Moscow) 

50, 832-840 (Russian Journal of Plant Physiology English Translation 743-751) 

 

Alseher RG (1989) Biosynthesis and antioxidant function of glutathione in plants. 

Physiologia Plantarum 77, 457-464 

Amor Y, Chevion M, Levine A (2000) Anoxia pretreatment protects soybean cells 

against H2O2 - induced cell death: possible involvement of peroxidases and of 

alternative oxidose. FEBS Letters 477, 175-180 

Andreev VYu, Generozova IP, Vartapetian BB (1991) Energy status and 

mitochondrial ultrastructure of excised pea root at anoxia and postanoxia. Plant 

Physiology and Biochemistry 29, 171-176 

Andreev VYu, Vartapetian BB (1992) Induction of alcoholic and lactic fer-

mentation in the early stages of anaerobic incubation of higher plants. Phyto-

chemistry 31, 1859-1861 

Andreev VYu, Generoznva IP, Polyakova LI, Vartapetian BB (1996) Glycolytic 

activity and resistance to anoxia in excised roots of Pisum sativum L. Fiziologia 

Rastenii (Moscow) 43, 227-228 (Russian Journal of Plant Physiology English 

Translation 236-241) 

Andreeva IN, Nuritdinov N, Vartapetian BB (1979) Root ultrastructure and oxygen 

transport in cotton plants, Fiziologia Rastenii (Moscow) 26, 12571264 (Soviet 

Journal of Plant Physiology English Translation 1017-1023) 

Antonacci S, Maggiore T, Ferrante A (2007) Nitrate metabolism in plants under 

hypoxic and anoxic conditions. Plant Stress 1, 136-141 

Appleby CA, Bognaz D, Dennis ES, Peacock WJ (1988) A role for haemoglobin in 

all plant roots. Plant Cell and Environment 11, 359-367 

Ap Rees T, Wilson PM (1984) Effect of reduced supply of oxygen on the metabolism 

of roots of Glyceria maxima and Pisum sativum. Pflanzenphysiologie 114, 493-503 

Ap Rees T, Jenkin LET, Smith AM, Wilson PM (1987) The metabolism of flood-

tolerant plants. In: Crawford RMM (Ed) Plant Life in Aquatic and Amphibious 

Habitats, Blackwell Science, Oxford, pp 227-238 

Arrigoni O, de Tullio MC (2000) The role of ascorbic acid in cell metabolism: 

between gene-directed functions and unpredictable chemical reactions. Journal 

Plant Physiology 157, 481-488 

Armstrong W (1970) Rhizosphere oxidation in rice and other species: a mathematical 

model based on the oxygen flux component. Physiologic Plantarum 23, 623-630 

Armstrong W (1978) Root aeration in the wetland condition. 1n Hook DD, Crawford 

RMM (Eds) Plant Life in Anaerobic Environments, Ann Arbor Science, Michigan, 

pp 269-297 

Armstrong W (1979) Aeration in higher plants. Advances in Botanical Research 7, 225-

332 

Armstrong W, Armstrong J (2005a) Exploring the effects of pressurized ven-

tilation, diffusion and photosynthesis on root aeration in alder and willow. eh 

Conference of the International Society for Plant Anaerobiosis, 20-24 September 

2004, Perth, Western Australia, p 25 (Abstract) 

Armstrong J, Armstrong W (2005b) Rice: sulfide-induced barriers to root radial 

oxygen loss, Fe2+ and water uptake, and lateral root emergence. Annals of Botany 

96, 625-638 

Armstrong W, Beckett PM (1987) Internal aeration and the development of nelar 

anoxia in submerged roots: multishelled mathematical model combining axial 

diffusion of oxygen in the cortex with radial loses to the stele, the wall layers, and 

rhizosphere. New Phytologist 105, 221-245 

Armstrong W, Brindle R, Jackson MB (1994) Mechanisms of flood tolerance in 

plants. Acta Botanica Neerlandica 43, 307-358 

Arpin A, Byrem TM, Nair MG, Strasburg GM (2000) Modulation of liposomal 

membrane fluidity by flavonoids and isoflavonoids. Archives of Biochemistry and 

Biophysics 373, 102-109 

Aschi-Smith S, Chaibi W, Brouquisse R, Ricard B, Saglio P (2003) Assessment of 

enzyme induction and aerenchyma formation as mechanisms for flooding tolerance 

in Trifolium subterraneum "Park". Annals of Botany 91, 195-204 

Avsian-Kretchmer O, Eshdat Y, Gaeta-Dahaa Y, Ben-Hayyim G (1999) 

Regulation of stress-induced phospholipid hydroperoxide glutathione peroxidase 

expression in citrus. Planta 209, 469-477 

Bannister JV, Bannister WH, Rotilio G (1987) Aspects of the structure, function 

and applications of superoxide dismutase. Critical Reviews in Biochemistry 22, 

111-180 

Baron K, Dordas C, Hill RD (2004) Growth morphology and flooding tolerance of 

transgenic alfalfa (Medicago saliva) Expressing varying levels of a hypoxia-inducible 

barley (Hordeum vulgare) haemoglobin. 8th Conference of the International Society of 

Plant Anaerobiosis, 20-24 September 2004, Perth, Western Australia, p 21 (Abstract) 

Beckett PM, Armstrong W, Justin SHFW, Armstrong J (1988) On the relative 

importance of convective and diffusive gas flows in plant aeration. New 

Phytologist 110, 463-468 

Beigni MV, Lamattina L (2001) Nitric oxide: a non-traditional regulator of plant 

growth. Trends in Plant Science 6, 508-509 

Bethke PC, Badger MR, Jones AL (2004) Apoplastic synthesis of nitric oxide by 

plant tissues. Plant Cell 16, 332-341 

Biemelt S, Keetman U, Mock H-P, Grimm B (2000) Expression and activity of 

isoenzymes of superoxide dismutase in wheat roots in response to hypoxia and 

anoxia. Plant Cell and Environment 23, 135-144 

Blotching OB, Fagerstedt KV, Chirkova TV (1999) Relationships between lipid 

peroxidation and anoxia tolerance in a range of species during post-anoxic 

reaeration. Physiologia Plantarum 105, 625-632 

Blokhina O, Virolainen E, Fagerstedt KV, Hoikkala A, Wӓhӓlӓ K, Chirkova 

TV (2000) Antioxidant status of anoxia-tolerant and -intolerant plant 

 



51 
 

species under anoxia and reaeration. Physiologia Plantarum 109, 396-403 

Blokhina O, Chirkova TV, Fagerstedt KV  (2001) Anoxic stress leads to 

hydrogen peroxide formation in plant cells. Journal of Experimental Botany  

52, 1179-1190 

Blokhina O, Virolainen E, Fagerstedt KV (2003) Antioxidants, oxidative damage and 

oxygen deprivation stress: a review. Annals of Botany 91, 179-194 

Blom CWPM (1999) Adaptations to flooding stress: from plant community to molecule. 

Plant Biology 1, 261-273 

Boamfa El, Ram PC, Jackson MB, Reuss J, Darren FJM (2003) Dynamic aspects of 

alcohol fermentation of rice seedlings in response to anaerobiosis and to complete 

submergence: relationship to submergence tolerance. Annals of Botany 91, 279-290 

Bolwell GP, Bindschedler LV, Blee KA, Butt VS, Davies DR, Gardner SL, Gerrish C, 

Minibayeva F (2002) The apoplastic oxidative burst in response to biotic stress in 

plants: a three-component system. Journal of Experimental Botany 53, 1367-1376 

Boo YC, Jung J (1999) Water deficit-induced oxidative stress and antioxidative defenses in 

rice plants. Journal of Plant Physiology 155, 255-261 

Borutaite V, Brown GC (2003) Nitric oxide induces apoptosis via hydrogen peroxide, 

but necrosis via energy and thiol depletion. Free Radicals in Biological Medicine 35, 

1457-1468 

Botrel A, Kaiser W (1997) Nitrate reductase activation state in barley roots in relation to 

the energy and carbohydrate status. Planta 201, 496-501 

Bouranis DL, Chorianopoulou SN, Siyiannis VF, Protonotarios VE, Hawkesford MJ 
(2003) Aerenchyma formation in roots of maize during sulphate starvation. Planta 217, 

382-391 

Bouranis DL, Chorianopoulou SN, Siyiannis VF, Protonotarios VE, Hawkesford MJ 

(2007) Lysigenous aerenchyma development in roots - triggers and cross-talks for a cell 

elimination program. International Journal of Plant Developmental Biology 1, 127-140 

Bowler C, van Montagu M, Inzé D (1992) Superoxide dismutase and stress tolerance. 

Annual Review of Plant Physiology and Plant Molecular Biology 43, 83-116 

Bragina TV, Rodionova NA, Grinieva GM (2003) Ethylene production and activation of 

hydrolytic enzymes during acclimation of maize seedlings to partial flooding. 

Fiziologia Rastenii (Moscow) 50, 886-890 (Russian Journal of Plant Physiology 

English Translation 794-798) 

Brailsford RW, Voesenek LACJ, Blo CWPM, Smith All, Hall MA, Jackson MB 

(1993) Enhanced ethylene production by primary roots of Zea mays L. in response to sub-

ambient partial pressures of oxygen. Plant Cell and Environment 16, 1071-1080 

Brӓndle R (1985) Kohlehydratgehalte und Vitalitat Isolierter Rhizome von Phragmites 

australis, Schoenoplectus lacustris und Typha latifolia nach Mehrwochigen O2- 

Mangelstress. Flora 177, 317-321 

Brown DJ, Beevers H (1987) Fatty acids of rice coleoptiles in air and anoxia. Plant 

Physiology 84, 555-559 

Bücher M, Brӓndle R, Kuhlemeier C (1994) Ethanolic fermentation in trans-genie tobacco 

expressing Zymomonas mobilis pyruvate decarboxylase. The EMBO Journal 13, 755-

763 

Buettner GR (1993) The pecking order of free radicals and antioxidants: lipid peroxidation, 

α-tocopherol, and ascorbate. Archives of Biochemistry and Biophysics 300, 535-543 

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 

Carimini F, Zottini M, Formentin E, Term M, Lo Schiavo F (2002) Cytokinins, new 

apoptotic inducers in plants. Planta 216, 413-421 

Carlson SJ, Chourey PS, Helentjaris T, Datta R (2002) Gene expression studies on 

developing kernels of maize sucrose synthase (SuSy) mutants show evidence for a 

third SuSy gene. Plant MolecularBiology 49, 15-29 

Chandok MR, Ytterberg AJ, Wjk van KJ, Klessig DF (2003) The pathogen-inducible 

nitric oxide synthase (iNOS) in plants is a variant of the P protein of the glycine 

decarboxylase complex Cell 113, 469-482 

Chang WWP, Huang L, Shen M, Webster C, Burlingame AL, Roberts JKM (2000) 

Patterns of protein synthesis and tolerance of anoxia in root tips of maize seedlings 

acclimated to a low-oxygen environment, and identification of proteins by mass 

spectrometry. Plant Physiology 122, 295-318 

Chichkova NV, Kim SH, Titova ES, Kalkirm M, Morozov VS, Rubtsov YP, Kalinin 

NO, Taliansky ME, Vartapetian AB (2004) A plant caspase-like protease activated 

during the hypersensitive response. Plant Cell 16, 157-171 

Chirkova TV (1988) Adaptatsiya rastenii k gipoksii i anoksii (Plant adaptation to 

hypoxia and anoxia). PhD thesis, Leningrad State University, 244 pp (in Russian) 

Chirkova TV, Novilakaya LO, Blokhina OB (1999) Lipid peroxidation and antioxidant 

systems under anoxia in plants differing in their tolerance to oxygen deficiency. 

Russian Journal of Plant Physiology 45, 55-62 

Chourey PS (1981) Genetic control of sucrose synthetase in maize endosperm. Molecular 

and General Genetics 184, 372-376 

Chourey PS (2006) Nomenclature of sucrose synthase genes and the gene  

products. Maize Genetics Cooperative Newsletter 80, 11 

Chourey PS, Nelson OE (1976) The enzymatic deficiency conditioned by the shrunken-1 

mutations in maize. Biochemical Genetics 14, 1041-1055 

Chourey PS, Taliercip EW, Carlson SJ, Roan Y-L (1998) Genetic evidence 

that the two isozymes of sucrose synthase present in developing maize endosperm are  

 

 

 

 

 

 

 

 

 

 

 

 

 

critical, one for cell wall integrity and the other for starch biosynthesis. Molecular 

and General Genetics 259, 88-96 

Colmer TD (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 TD, Gibbered MR, Wiengweera A, Tinh TK (1998) The barrier to radial 

oxygen loss from roots of rice (Oryza sativa L.) is induced by growth in stagnant 

solution. Journal of Experimental Botany 49, 1431-1436 

Crawford RMM (1978) Metabolic adaptation to anoxia. In: Hook DD, Crawford RMM 

(Eds) Plant Life in Anaerobic Environments, Ann Arbor Science, Michigan, pp 119-136 

Crawford RMM (1987) Plant Life in Aquatic and Amphibious Habitats, Blackwell 

Scientific Publications, Oxford, 452 pp 

Crawford RMM, Brӓndle R (1996) Oxygen deprivation stress in a changing environment. 

Journal of Experimental Botany 47, 145-159 

Crawford NM (2006) Mechanisms for nitric oxide synthesis in plants. Journal of 

Experimental Botany 57, 471-478 

Crawford NM, Galli M, Tischner R, Heimer YM, Okamoto M, Mack A (2006) 

Response to Zemojtel et al. Plant nitric oxide synthase: back to square one. Trends in Plant 

Science 11, 526-527 

Cross JV, Templeton DJ (2006) Regulation of signal transduction through pro-  

tein cysteine oxidation. Antioxidants and Redox Signaling 8, 1819-1827 

Darvent MJ, Armstrong W, Armstrong J, Bekett PM (2003) Exploring the radial 

and longitudinal aeration of primary maize roots by means of Clark-type oxygen 

microelectrodes. Fiziologia Rastenii (Moscow) 50, 808-820 (Russian Journal of 

Plant Physiology English Translation 722-732) 

Davies DD (1980) Anaerobic metabolism and the production of organic acids. In: 

Davies DD (Ed) The Biochemistry of Plants, Academic Press, New York, pp 581-611 

Davies DD, Grego S, Kenworth P (1974) The control of the production of lactate 

and ethanol by higher plants. Planta 118, 297-310 

Desikan R, Mackerness S, Hancock JT, Neill SJ (2001) Regulation of the Arabidopsis 

transcriptome by oxidative stress. Plant Physiology 127, 159172 

de Tullio MC, Paciolla C, Balla Vecchia F, Rascio N, D’Emerico S, de Gars L, Liso 

R, Arrigoni O (1999) Changes in onion root development induced by the 

inhibition of peptidyl-prolyl hydroxylase and influence of the ascorbate system on 

cell division elongation. Planta 209, 424-434 

Dixon MB, Hill SA, Jackson MB, Ratcliffe RG, Sweetlove LI (2006) Physiological 

and metabolic adaptations of Potamogeton pectinatus tubers support rapid elongation 

of stem tissue in the absence of oxygen. Plant Cell Physiology 47, 128-140 

Dordas C J, Rivoal J, Hill RD (2003) Plant haemoglobins, nitric oxide and hypoxic 

stress. Annals of Botany 91, 173-178 

Douce R., Bourguignon J, Neuburger M, Rebeille F (2001) The glycine decarboxylase 

system: a fascinating complex. Trends in Plant Science 6, 167176 

Drew MC (1992) Soil aeration and plant root metabolism. Soil Science 154, 259-268 

Drew MC (1997) Oxygen deficiency and root metabolism: Injury and acclimation under 

hypoxia and anoxia. Annual Review of Plant Physiology and Molecular Biology 48, 

223-250 

Drew MC, Cobb BG, Johnson JR, Andrews D, Morgan PW, Jordan W, He CJ 
(1994) Metabolic acclimation of root tips to oxygen deficiency. Annals of Botany 74, 

281-286 

Drew MC, Jackson MB, Giffard S (1979) Ethylene-promoted adventitious rooting and 

development of cortical air spaces (aercnchyma) in roots may be adaptive responses to 

flooding in Zea mays L. Planta 147, 83-88 

Drew MC, Saglio PH, Pradet A (1985) Higher adenylate energy charge and ATP/ADP 

ratios in aerenchymatous roots of Zea mays in anaerobic media as consequence of 

improved Internal oxygen transport. Planta 165, 51-58 

Drew MC, He C-J, Morgan PW (2000) Programmed cell death and aerenchyma 

formation in roots. Trends in Plant Science 5, 123-127 

Drury GE, Gallois P (2006) Programmed cell death in plants and flowers. In: Teixeira da 

Silva JA (Ed) Floriculture, Ornamental and Plant Biotechnology: Advances and 

Topical-Carnes (1
st
 Edo, Vol I), Global Science Books, Isle-worth, UK, pp 141-156 

Duff SMG, Wittenberg JB, Hill RD (1997) Expression, purification and properties 

recombinant barley (Hordeum sp.) hemoglobin: optical spectra and reactions with 

gaseous ligands. The Journal of Biological Chemistry 272, 16746-16752 

Ellie MH, Dennis ES, Peacock W (1999) Arabidopsis roots and shoots have 

different mechanisms for hypoxic tolerance. Plant Physiology 119, 891-902 

Elstner EF (1987) Metabolism of activated oxygen species. In: Davies DD (Ed) 

Biochemistry of Plants, Academic Press, London, pp 253-315 

Evans DE (2004) Aerenchyma formation. New Phytologist 161, 35-49 

Fan TWM, Higashi RM, Frenkiel T, Lane AN (1997) Anaerobic nitrate and ammonium 

metabolism in flood-tolerant rice coleoptiles. Journal of Experimental Botany 48, 

1655-1666 

Fan TWM, Higashi RM, Lane AN (1988) An in vivo 
1
H and 

31
P NMR inves- 

tigation of the effects of nitrate on hypoxic metabolism in maize roots. Ar- 

chives of Biochemistry and Biophysics 266, 592-606 

Fan TWM, Lane AN, Higashi RM (2003) In vivo and in vitro analysis of anaerobic 

rice coleoptiles revealed unexpected pathways. Fiziologia Rastenii (Moscow) 50, 879-

885 (Russian Journal of Plant Physiology English Translation 787-793) 

 



52 
Felle H (2005) pH regulation in anoxic plants. Annals of Botany 96, 519-532 

Felle H (2006) Apoplastic pH during low-oxygen stress in barley. Annals of Botany 

98, 1085-1093 

Folzer H, Dat J, Capeffi N, Rieffel D, Badot PM  (2006) Response of sessile oak 

seedlings (Quercus petraea) to flooding: an integrated study. Tree Physiology 26, 

759-766 

Ford YY, Ratcliffe RG, Robins RJ (1996) Phytohormone induced GABA pro-

duction in transformed root cultures of Datura stramonium: An in vivo pro- 

duction study. Journal of Experimental Botany 47, 811-818 

Fox TC, Kennedy RA, Rompbo ME (1994) Energetics of plant growth under 

anoxia: metabolic adaptation of Oryza sativa and Echinochloa phyllopogonl. 

Annals of Botany 74, 445-455 

Fox GG McCalbn NR, Ratcliffe RG (1995) Manipulating cytoplasmic pH 

under anoxia: A critical test of the role of pH in the switch from aerobic to 

anaerobic metabolism Planta 195, 324-330 

Fox GG, Hene A, Mc-Callan NR, Ratcliffe RG (1995b) The role of cytoplasmic 

pH and ATP in the anoxic response: non-invasive experiments with in vivo 

spectroscopy. Plant Physiology 108, 843 

Foyer CH, Halliweil B (1976) The presence of glutathione and glutathione re-

ductase in chloroplasts: a proposed role in ascorbic acid metabolism. Planta 133, 

21-25 

Foyer CH, Lelandais MA (1996) A comparison of the relative rates of transport 

of ascorbate and glucose across the thylakoid, chloroplast and plasma-lemma 

membranes of pea leaves mesophyll cells. Journal of Plant Physiology 148, 

391-398 

Fryer MJ (1992) The antioxidant effects of thylakoid vitamin E (α-tocopherol). 

Plant Cell and Environment 15, 381-392 

Gambrell RP, de Laune RD, Patrick WH Je (1991) Redox processes in soils 

following oxygen depletion. In: Jackson MB, Davies DD, Lambers H (Eds) Plant 

Life under Oxygen Deprivation. Ecology Physiology and Biochemistry, SPB 

Academic, The Hague, pp 101-117 

Garthwaite AJ, Armstrong W, Colmer TD (2004) Physiology of the barrier to 

radial O2 in loss adventitious roots of Hordeum marinum assessed using 

modelling and experiments to manipulate O2 in the aerenchyma. 8th Conference 

of the International Society of Plant Anaerobiosis, 20-24 September 2004, 

Perth, Western Australia, p 27 (Abstract) 

Gechev TS, Breusegem F, van Stone JM, Denev I, Laloi C (2006) Reactive 

oxygen species as signals that modulate plant stress responses and prog-

rammed cell death. BioEssays 28, 1091-11.01 

Geffers R, Sell S, Ceres It, Hehl R (2001) The TATA box and a Myb binding site 

are essential for anaerobic expression of a maize GapC4 minimal promoter in 

tobacco. Biochimica et Biophysica Acta 1521, 120-125Generozova IP, 

Snkbchyan AG, Vartapetian BB (1984) Dynamics of changes in mitochondria 

ultrastructure in maize seedlings under anoxia. Fiziologia Rastenii (Moscow) 

31, 683-691 (Russian Journal of Plant Physiology English Translation 535-

543) 

Generozova IP, Krasavina MS, Polyakova LI, Burmistrova NA, Lyubomilova 

MV, Vartapetian BB (1998) On some molecular aspects of adaptation of 

Oryza sativa seedlings to anoxia. Fiziologia Rastenii (Moscow) 45, 268275 

(Russian Journal of Plant Physiology English Translation 227-233) 

Generozova IP, Vartapetian BB (2005) On the physiological role of anaero-

bically synthesized lipids in Oryza sativa seedlings. Fiziologia Rastenii 

(Moscow) 52, 540-548 (Russian Journal of Plant Physiology English Trans-

lation, pp 481-488) 

Gibbs J, de Bruxelle D, Armstrong W, Greenway H (1995) Evidence for anoxic 

zones in 2-3 mm tips of aerenchymatous maize roots under low O2 supply. 

Australian Journal of Plant Physiology 22, 723-730 

Gladish DK, Xu J, Niki T (2006) Apoptosis-like programmed cell death occurs in 

procambium and ground meristem of pea (Pisum sativum) root tips exposed to 

sudden flooding. Annals of Botany 97, 895-902 

Godber BLJ, Doel JJ, Sapkota GP, Blake DR, Stevens CR, Eisenthal 

Harrison R (2000) Reduction of nitrite to nitric oxide catalyzed by xanthine 

oxidoreductase. The Journal of Biological Chemistry 275, 7757-7763 

Good AG, Crosby WL (1989) Anaerobic induction of alanine aminotransferase in 

barley root tissue. Plant Physiology 90, 1305-1309 

Gout E, Boisson A-M, Aubert S, Douce R, Bligny R (2001) Origin of cytoplasmic pH 

change during anaerobic stress in higher plant cells. Carbon-13 and phosphorous-31 

nuclear magnetic resonance studies. Plant Physiology 125, 912-925 

Grace S, Logan BA (2000) Energy dissipation and radical scavenging by the 

plant phenylpropanoid pathway. Philosophical Transactions of the Royal Society 

of London B 355, 1499-1510 

Grant JJ, Yun BW, Loake GJ (2000) Oxidative burst and cognate redox sig-

nalling reported by luciferase imaging: identification of a signal network that 

functions independently of ethylene, SA and Me-JA but is dependent on 

MAPKK activity. The Plant Journal 24, 569-582 

Grineva GM, Bragina TV (1993) Formation of adaptations to flooding in cam. 

Fiziologia Rastenii (Moscow) 40, 662-667 (Russian Journal of Plant Physio-

logy English Trans) 

Grineva GM, Bragina TV, Platonova AV (2000) Ethylene-induced activation of  

 

hydrolytic enzymes in maize adventitious roots during progressive flooding. 

Doklady Akademii Nauk 374, 393-396 (in Russian) 

Grun S, Lindermayer C, Sell S, Durner J (2006) Nitric oxide and gene regu-

lation in plants. Journal of Experimental Botany 57, 507-516 

Gunawardena HLAN, Pearce DME, Jackson MB, Hawes CR, Evans DE  

(2001a) Characterization of programmed cell death during aerenchyma for-

mation induced by ethylene or hypoxia in roots of maize (Zea mays L.). 

Planta 212, 205-214 

Gunawardena HLAN, Pearce DME, Jackson MB, Hawes CR, Evans DE  

(2001b) Rapid changes in cell wall pectic polysaccharides are closely associated 

with early stages of aerenchyma formation, a spatially localized form of 

programmed cell death in roots of maize (Zea mays L.) promoted by 

ethylene. Plant Cell and Environment 24, 1369-1375 

Guo F-Q (2006) Response to Zemojtel et al: Plant nitric oxide synthase: 

AtNOS1 is just the beginning Thends in Plant Science 11, 527-528 

Guo F-Q, Okamoto M, Crawford NM (2003) Identification of a plant nitric  

oxide synthase gene involved in hormonal signaling. Science 302, 100-103 

Harada T, Satoh Sh, Yoshioka T, Ishizawa K (2005) Expression of sucrose 

synthase genes involved in elongation of pondweed (Potamogeton distinctus) 

turions under anoxia. Annals of Botany 96, 683-692 

He C-J, Morgan PW, Drew MC (1992) Enhanced sensitivity to ethylene in 

nitrogen- or phosphate-starved roots of Zea mays L. during aerenchyma for-

mation. Plant Physiology 98, 137-142 

He C-J, Drew MC, Morgan PW (1994) Induction of enzymes associated with 

lysogenous aerenchyma formation in roots of Zea mays L during hypoxia or 

nitrogen starvation. Plant Physiology 105, 861-865 

He C-J, Finlayson SA, Drew MC, Jordan WII, Morgan PW (1996) Ethylene 

biosynthesis during aerenchyma formation in roots of maize subjected to 

mechanical impedance and hypoxia. Plant Physiology 112, 1679-1685 

Henzi T, Brӓndle R (1993) Long-term survival of rhizomatous species under 

oxygen deprivation. In: Jackson MB, Black CR (Eds) Interacting Stresses on 

Plants in a Changing Climate, Springer-Verlag, NATO AS1 Series, Berlin, 16, 

pp 305-314 

Henzler T, Steud le E (2000) Transport and metabolic degradation of hydrogen 

peroxide in Chara corallina: model calculations and measurements with the 

pressure probe suggest transport of H2O2 across water channels. Journal of 

Experimental Botany 51, 2053-2066 

Hill RD (2004) A further look at involvement of haemoglobin and no in the 

hypoxic stress response. 8th Conference of the International Society of Plant 

Anaerobiosis, 20-24 September 2004, Perth, Western Australia, p 20 (Abstract) 

Hoeren FU, Dolferus R, Wu Y, Peacock WJ, Dennis ES (1998) Evidence for a 

role for AtMYB2 in the induction of the Arabidopsis alcohol dehydrogenase 

(ADH1) by low oxygen. Genetics 149, 479-490 

Hoffman NE, Bent AF, Hanson AD (1986) Induction of lactate dehydrogenase 

isozymes by oxygen deficit in barley root issue. Plant Physiology 82, 658663 

Hole DJ, Cobb BG, Hole P, Drew MC (1992) Enhancement of anaerobic res-

piration in root tips of Zea mays following low oxygen (hypoxic) acclimation. 

Plant Physiology 99, 213-218 

Hook DD, Crawford RMM (1978) Plant Life in Anaerobic Environments, Ann 

Arbor Science, Michigan, 564 pp 

Horemans N, Foyer CH, Potters G, Asard H (2000) Ascorbate function and 

associated transport systems in plants. Plant Physiology and Biochemistry 38, 

531-540 

Huang SB, von Rad U, Durner J (2002) Nitric oxide induces transcriptional 

activation of the nitric oxide-tolerant alternative oxidase in Arabidopsis sus-

pension cells. Planta 215, 914-923 

Huang SB, 1shizawa K, Greenway H, Colmer TD (2005) Manipulation ethanol 

production in anoxic coleoptiles by exogenous glucose determines rates of 

ion fluxes and provides estimates of energy requirements for cell maintenance 

during anoxia. Journal of Experimental Botany 56, 2453-2463 

Igamberdiev AU, Baron K, Mansell-L, Stoimenova M, Hill RD (2005) The 

haemoglobin: nitric oxide cycle: involvement in flooding stress and effects on 

hormone signaling. Annals of Botany 96, 557-564 

Ismond KP, Dolferus R, Pauw MD, Dennis ES, Good AG (2003) Enhanced 

low oxygen survival in Arabidopsis through increased metabolic flux in the 

fermentative pathway. Plant Physiology 132, 1292-1302 

Ivanov BF, Andreev VYu (1992) On the role of "nitrate respiration" in higher 

plants resistance to anoxia. In: Lambers H, van der Plas LHW (Eds) Molecular, 

Biochemical and Physiological Aspects of Plant Respiration, SPB Academic, The 

Hague, pp 559-566 

Jackson MB (1985) Ethylene and responses of plants to soil waterlogging and 

submergence. Plant Physiology 36, 145-174 

Jackson MB, Armstrong W (1999) Formation of aerenchyma and the processes of plant 

ventilation in relation to soil flooding and submergence. Plant Biology 1, 274-287 

Jackson MB, Black CR (1993) Interacting stresses on plants in a changing climate. 

In: Jackson MB, Black CR (Eds) interacting Stresses on Plants in a Changing 

Climate, Springer-Verlag, NATO ASI Series, Berlin, 16, pp 771 

Jackson MB, Davies DD, Lambers H (Eds) (1991) Plant Life under Oxygen 

Deprivation, SPB Academic, The Hague, 326 pp 

Jackson MB, Drew MC (1984) Effects of flooding on growth and metabolism of  



53 
 

herbaceous plants. In: Kozlowski TT (Ed) Flooding and Plant Growth, Academic 

Press, New York, pp 47-163 

Jackson MB, Ram PC (2003) Physiological and molecular basis of susceptibility and 

tolerance of rice plants to complete submergence. Annals of Botany 91, 227-241 

Janiszowska W, Pennock JF (1976) The biochemistry of vitamin E in plants. Vitamins 

and Hormones 34, 77-105 

Jimenez A, Hernandez JA, Pastori G, del Rio LA, Sevilla F  (1998) Role of the 

ascorbate-glutathione cycle of mitochondria and peroxisomes in the senescence of pea 

leaves. Plant Physiology 118, 1327-1335 

Johnson J, Cobb BG, Drew MC (1989) Hypoxic induction of anoxia tolerance in 

root tips of Zea mays. Plant Physiology 91, 837-841 

Justin SHFW, Armstrong W (1991) Evidence for the involvement of ethylene in 

aerenchyma formation in adventitious roots of rice (Oryza sativa L.). New Phytologist 

118, 49-62 

Kagan VE (1989) Tocopherol stabilizes membrane against phospholipase A, free 

fatty acids, and lysophospholipids. ln: Diplock AT, Machlin J, Packer L, Pryor WA 

(Eds) Vitamin E: Biochemistry and Health Implications, Annals of the New York 

Academy of Sciences, NY 570, 121-135 

Kalashnikov JuE, Balakhnina TI, Zakrzhevsky DA (1994) Effect of soil 

hypoxia on activation of oxygen and the system of protection from oxidative destruction 

in roots and leaves of Hordeum vulgare. Russian Journal of Plant Physiology 41, 583-

588 

Kamal-Eldin A, Appelqvist L-A (1996) The chemistry and antioxidant properties of 

tocopherols and tocotrienols. Lipids 31, 671-701 

Karapetian RN, Evstafieva AG, Abaeva IS, Chichkova NV, Filonov GS, 

Rubtsov YP, Sukhacheva EA, Melnikov SV, Schneider U, Wanker EE, 

Vartapetian AB (2005) Nuclear oncoprotein prothymosin a is a partner of Keapl: 

Implications for expression of oxidative stress-protecting genes. Molecular and 

Cell Biology 25, 1089-1099 

Kawase M (1979) Role of cellulase in aerenchyma development in sunflower. American 

Journal of Botany 66, 183-190 

Kawase M (1981) Effect of ethylene on aerenchyma development. American Journal 

of Botany 68, 651-658 

Kende H, van der Knaap E, Cho H-T (1998) Deepwater rice: a model plant to study 

stem elongation. Plant Physiology 118, 1105-1110 

Kennedy RA, Barret SC, van der Zee D, Rumpho ME (1980) Germination and 

seedling growth under anaerobic conditions in Echinochloa crus-galli (Barnyard 

grass). Plant Cell and Environment 3, 243-248 

Kennedy RA, Fox TC, Everard JD, Rumpho ME (1991) Biochemical adaptations 

to anoxia: potential role of mitochondrial metabolism to food tolerance in 

Echinochloa phyllopogon (Barnyard Grass). In: Jackson MB, Davies DD, Lambers 

H (Eds) Plant Life under Oxygen Deprivation. Ecology, Physiology and 

Biochemistry, SPB Academic, The Hague, pp 217-227 

Kennedy RA, Rumpho ME, Fox ThC (1992) Anaerobic metabolism in plants. Plant 

Physiology 100, 1-6 

Kharinarain RP, Dolgikh Yu I, Guzhov YuL (1996) Selection of media for mass 

regeneration of sugarcane plants from callus culture. Fiziologia Rastenii (Moscow) 

43, 111-115 (Russian Journal of Plant Physiology English Translation, pp 97-100) 

Kirk GJD, Kronzucker HJ (2005) The potential for nitrification and nitrate uptake 

in the rhizosphere of wetland plants: a modelling study. Annals of Botany 96, 639-

646 

Klessig DF, Dinner J, Noad R, Navarre DA, Wendehenne D, Komar D, 

Zhou JM, Shah J, Zhang S, Kachroo P, Trifa Y, Pontier D, Lam E, Silva H 

(2000) Nitric oxide and salicylic acid signaling in plant defense. Proceedings of the 

National Academy of Sciences USA 97, 8849-8855 

Kovtun Y, Chiu W, Tens G, Sheen J (2000) Functional analysis of oxidative stress-

activated mitogen-activated protein kinase cascade in plants. Proceedings of the 

National Academy of Sciences USA 97, 2940-2945 

Kulichikhin K, Aitio O, Chirkova TV, Fagerstedt KV (2007) Effect of oxygen 

concentration on intracellular pH, glucose-6-phosphate and NTP content in rice 

(Oryza sattva L.) and wheat (Triticum aestivum L.) root tips: in vivo 31P-NMR 

study. Physiologia Plantarum 129, 507-518 

Lamattina L, Garcia-Mata C, Graziano M, Pagnussat G (2003) Nitric oxide: the 

versatility of an extensive signal molecule. Annual Review of Plant Biology 54, 

109-136 

Larson RA (1988) The antioxidants of higher plants. Phytochemistry 27, 969978 

Lee SH, Ahsan N, Lee KW, Lee DG, Kwark SS, Kwon SY, Kim TH, Lee BH 

(2007) Simultaneous overexpression of both CuZn superoxide dismutase and ascorbate 

peroxidase in transgenic tall fescue plants confers increased tolerance to a wide 

range of abiotic stresses. Journal of Plant Physiology 164, 1626-1638 

Lee TG, Jang CS, Kim JY, Park JH, Kim DY, Seo YW (2007) A Myb transcription 

factor (TaMyb1) from wheat roots is expressed during hypoxia: roles in response to 

the oxygen concentration in root environment and abiotic stresses. Physiologia 

Plantarum 129, 375-385 

Lee TM, Lin YN (1995) Changes in soluble and cell wall-bound peroxidase activities 

with growth in anoxia-treated rice (Oryza sativa L.) coleoptiles and roots. Plant 

Science 106, 1-7 

Leshem Y (2000) Nitric Oxide in Plants, Kluwer Academic Publishers, London, 180 pp 

 

 

Li X, Mo X, Shou P (2006) Cytokinin-mediated cell cycling arrest of pericycle founder 

cells in lateral root initiation of Arabidopsis. Plant and Cell Physiology 47, 1112-

1123 

Libourel IGL, van Bodegom PM, Fricker MD, Ratcliffe RG (2006) Nitrate 

reduces cytoplasmic acidosis under anoxia. Plant Physiology 142, 1710-1717 

LisoR, Innocenti AM, Bitonti MB, Arrigoni O (1988) Ascorbic acid-induced 

progression of quiescent center Bells from GI to S phase. New Phytologist 110, 

469-471 

Loreti E, Yamaguchi J, Alpi A, Perata P (2003) Sugar modulation of a-amylase 

genes under anoxia. Annals of Botany 91, 143-148 

Mattana M, Bertani A, Aurisano N, Reggiani R (1993) Preliminary evidence of 

nitrate assimilation during the anaerobic germination of rice. In: Jackson MB, 

Black CR (Eds) Interacting Stresses on Plants in a Changing Climate, Springer-

Verlag, NATO AS1 Series, Berlin 16, pp 365-375 

Menegus F, Cattaruzza I., Mattana M, Beffagna N, Ragg E (1991) Response to 

anoxia in rice and wheat seedlings. Changes in pH of intracellular compartments, 

glucose-6-phosphate level and metabolic rate. Plant Physiology 95, 760-767 

Mohanty B, Ong B-L (2003) Contrasting effects of submergence in light and dark on 

pyruvate decarboxylase activity in roots of rice lines differing in submergence 

tolerance. Annals of Botany 91, 291-300 

Monk L S, Fagersted KV, Crawford RMM (1987) Superoxide dismutase as an 

anaerobic polypeptide-a key factor in recovery from oxygen deprivation in Iris 

pseudocorus? Plant Physiology 85, 1016-1020 

Monk LS, Fagerstedt KV, Crawford RMM (1989) Oxygen toxicity and 

superoxide dismutase as an antioxidant in physiological stress. Physiologia 

Plantarum 76, 456-459 

Mommer L, Visser E (2005) Underwater photosynthesis in flooded terrestrial plants: 

a matter of leaf plasticity. Annals of Botany 96, 581-589 

Mou Z, Fan W, Hong X (2003) Inducers of plant systemic acquired resistance regulate 

NPR1 Function through redox changes. Cell 113, 935-944 

Müller E, Albers BP, Janiesch P (1994) Influence of NO-
3 and NH+

4 nutrition on 

fermentation, nitrate reductase activity and adenylate energy charge of roots of 

Carex pseudocyperus L. and Carex sylvatica huds. exposed to anaerobic nutrient 

solutions. Plant and Soil 166, 221-230 

Mustroph A, Poers Y, Grimm B, Boamfa E, Laarhoven LJ, Harren FJM, 

Albrecht G (2004) The influence of light on plant survival and ethanolic 

fermentation during anaerobiosis in rice and wheat seedlings. 8th Conference of the 

International Society of Plant Anaerobiosis, 20-24 September 2004, Perth, 

Western Australia, p 23 (Abstract) 

Neill SJR, Desikan R, Hancock JT (2003) Nitric oxide signalling in plants. New 

Phytologist 159, 11-35 

Neue HU, Becker-Heidmann P, Scharpenseel HW (1990) Organic matter 

dynamics, soil properties and cultural practices in rice lands and their relationship to 

methane production In Bouwman AF (Ed) Soils and the Greenhouse Effect, John 

Wiley and Sons, New York, pp 457-466 

Noctor G, Foyer CH (1998) Ascorbate and glutathione: keeping active oxygen under 

control. Annual Review of Plant Physiology and Molecular Biology 49, 249-279 

Nuritdinov N, Vartapetian BB (1980) Movement 14C-sucrose in cotton plants during 

root anaerobiosis. Fiziologia Rastenii (Moscow) 27, 814-820 (Soviet Plant 

Physiology English Translation, pp 616-621) 

Nuritdinov N, Vartapetian BB (1981) A quantitative assay of O2 transport in  

cotton plants at different temperatures. Physiologic Vegetal 19, 211-217 

Oberson I, Pavelic D, Brӓndle R, Rawyler A (1999) Nitrate increases mem-  

brane stability of potato cells under anoxia. Plant Physiology 155, 792-794 

Overmyer K, Brosche M, Kangasjӓrvi J (2003) Reactive oxygen species and 

hormonal control of cell death Trends in Plant Science 8, 335-342 

Packer L, Weber SU, Rimbach G (2001) Molecular aspects of a-tocotrienol  

antioxidant action and cell signalling. Journal of Nutrition 131, 369S-373S 

Pavelic D, Arpagaus S, Rawyler A, Braendle R (2000) Impact of post-anoxia stress 

on membrane lipids of anoxia pretreated potato cells. A re-appraisal. Plant 

Physiology 124, 1285-1292 

Pedersen O, Borum J, Sand-Jensen K, Kinzer T, Andersen T, Ikejima K 

(2004) How do submerged plants support night time respiration of below-ground 

tissues. 8th Conference of the International Society of Plant Anaerobiosis, date, 

Perth, West Australia, p 22 (Abstract) 

Pitzschke A, Forzani C, Hirt H (2006) Reactive oxygen species signaling in plants. 

Antioxidants and Rados Signaling 8, 1757-1764 

Polyakova LI, Vartapetian BB (2003) Exogenous nitrate as a tenninalacceptor of 

electrons in rice (Oryza saliva) coleoptiles and wheat (Tritictitit aestivum) roots 

under strict anoxia. Fiziology Rastenii (Moscow) 50, 901-906 (Russian Journal of 

Plant Physiology English Translation, pp 808-812) 

Ponnamperuma FN (1984) Effect of flooding on soils. In: Kozlowski TT (Ed) 

Flooding and Plant Growth, Academic Press, Orlando, FL, pp 9-45 

Quimio CA, Torrizo LB, Setter TL, Ellis M, Grover A, Abrigo EM, Oliva 

NP, Ella ES, Carpena AL, Ito O, Peacock WJ, Dennis E, Datta SK (2000) 

Enhancement of submergence tolerance in transgenic rice overproducing pyruvate 

decarboxylase. Journal of Plant Physiology 156, 516-521 

Rahman M, Grover A, Peacock W J, Dennis ES, Ellis M (2001) Effect of 

manipulation of pyruvate decarboxylase and alcohol dehydrogenase levels on the 

submergence tolerance of rice. Australian Journal of Plant Physiology 28, 



54 
 
 
 
 
1231-1241 

Raskin I, Kende H (1983) How does deep water rice solve its aeration problem? 

Plant Physiology 72, 447-454 

Raskin I, Kende H (1985) Mechanism of aeration in rice. Science 228, 327329 

Ratcliffe RG (1997) In vivo NMR studies of the metabolic responses of plant 

tissues to anoxia. Annals of Botany 79, 39-48 

Reggiani R, Brambilla I, Bertani A (1985a) Effect of exogenous nitrate on 

anaerobic metabolism in excised rice roots. I nitrate reduction and pyridine 

nucleotide pools. Journal of Experimental Botany 36, 1193-1199 

Reggiani R, Brambilla I, Bertani A (1985b) Effect of exogenous nitrate on 

anaerobic metabolism in excised rice roots. H Fermentative activity and ade-

nylate energy charge. Journal of Experimental Botany 36, 1698-1704 

Rivard B, Van Toni T, Chourey P, Saglio P (1998) Evidence for the critical 

role of sucrose synthase for anoxic tolerance of maize roots using a double 

mutant. Plant Physiology 116, 1323-1331 

Rice-Evans CA, Miller NJ, Paganga G (1997) Antioxidant properties of phe-

nolic compounds. Trends in Plant Sciences 2, 152-159 

Rivol J, Hanson AD (1994) Metabolic control of anaerobic glycolysis overex-

pression of lactate dehydrogenase in transgenic tomato roots support the 

Davies-Roberts hypothesis and points to a critical role for lactate secretion. 

Plant Physiology 106, 1179-1185 

Roberts JKM, Weemmer D, Ray PM, Jardetzky O (1982) Regulation of 

cytoplasmic and vacuolar pH in maize mot tips under different experimental 

conditions. Plant Physiology 69, 1344-1347 

Roberts JKM, Canis J, Jardetzky O, Walbot V, Freeling M  (1984a) Cyto-

plasmic acidosis as a determinant of flooding intolerance in plants. Proceedings 

of the National Academy of Sciences USA 81, 6029-6033 

Roberts JKM, Calls J, Jardetzky O, Walbot V, Freeing M (1984b) Mecha-

nism of cytoplasmic pH regulation in hypoxic maize root tips and its role in 

survival under hypoxia. Proceedings of the National Academy of Sciences 

USA 81, 3379-3383 

Roberts JKM, Andrade FH, Anderson IC (1985) Further evidence that cyto-

plasmic acidosis is a determinant of flooding intolerance in plants. Plant Phy-

siology 77, 492-494 

Roberts JKM, Hooks MA, Miaullis AP, Edwards S, Webster C (1992) Con-

tribution of malate and amino acid metabolism to cytoplasmic pH regulation 

in hypoxic maize root tips studied using nuclear magnetic resonance spec-

troscopy. Plant Physiology 98, 480-487 

Rockel P, Strube F, Rockel A, Wildt J, Kaiser WM  (2002) Regulation of 

nitric oxide (NO) production by plant nitrate reductase in vivo and in vitro. 

Journal of Experimental Botany 53, 103-110 

Roan Y-L, Chourey PS, Delmer DP, Perez-Gran L (1997) The differential 

expression of sucrose synthase in relation to diverse patterns of carbon parti-

tioning in developing cotton seed, Plant Physiology 115, 375-385 

Saab IN, Sachs MM (1995) Complete cDNA and genomic sequence encoding 

a flooding-responsive gene from maize (Zea mays L.) homologous to xylo-

glucan endotransglycosylase. Plant Physiology 108, 439-440 

Saab IN, Sacks MM (1996) A flooding-induced xyloglucan endo-transglyco-

sylase homolog in maize is responsive to ethylene and associated with aeren-

chyma. Plant Physiology 112, 385-391 

Sachs MM, Vartapetian BB (2007) Plant anaerobic stress L Metabolic adaptation 

to oxygen deficiency. Plant Stress 1, 123-135 

Saglio PH, Raymond P, Pradet A (1980) Metabolic activity and energy charge of 

excised maize root tips under anoxia. Plant Physiology 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 Physiology 86, 61-66 

Saint-Ges V, Roby C, Bligny R,, Pradet A, Douce R (1991) Kinetic studies of 

the variation of cytoplasmic pH, nucleotide triphosphates (
31

P-NMR) and lactate 

during normoxic and anoxic transitions in maize root tips. European Journal 

of Biochemistry 200, 477-482 

Sairam RK, Deshmukh PS, Saxena DC (1998) Role of antioxidant systems in 

wheat genotype tolerance to water stress. Biologia Plantarum 41, 387-394 

Sanchez Fernandez R, Fricker M, Corben LB, White NS, Sheard N, Leaver CJ, 

van Montagu M, InaE D, May MJ (1997) Cell proliferation and hair tip growth 

in the Arabidopsis root are under mechanistically different forms of redox control. 

Proceedings of the National Academy of Sciences USA 94, 2745-2750 

Sato T, Harada T, Ischizawa K (2002) Stimulation of glycolysis in anaerobic 

elongation of pondweed (Potamogeton distinctus) turions. Journal of Experi-

mental Botany 53, 1847-1856 

Schwartz D (1969) An example of gene fixation resulting from selective advantage 

in suboptimal conditions. American Naturalist 103, 479-481 

Scebba F, Sebastiaai L, Vitagliano C (1998) Changes in activity of antioxidative 

enzymes in wheat (Triticum aestivum) seedlings under cold acclimation. 

Physiologia Plantarum 104, 747-752 

 

 

 

 

 

 

 
 

 

 

Selye H (1950) The Physiology and Pathology of Exposure to Stress, Medical, Montreal, 122 pp 

Serbinova EA, Packer L (1994) Antioxidant properties of α-tocopherol and α- 

tocotrienol. Methods in Enzymology 234, 354-366 

Setter TL, Ellis M, Laureles EV, Ella ES, Senadbira D, Mishra SB, Sarkarung S, Datta S 

(1997) Physiology and genetics of submergence tolerance in rice. Annals of Botany 79 

(Suppl.), 66-67 

Setter TL, Waters I, Saberi H, McDonald G, Biddulph B (2004) Screening for 

waterlogging tolerance of crop plants. 8
th

 Conference of the International Society of Plant 

Anaerobiosis, date, Perth, West Australia, p 50 (Abstract) 

Smirnoff N (1996) The function and metabolism of ascorbic acid in plants. Annals of 

Botany 78, 661-669 

Smirnoff N (2000) Ascorbic acid: metabolism and functions of a multi-facetted molecule. 

Current Opinion in Plant Biology 3, 229-235 

Smirnoff N, Crawford RMM (1983) Variation in the structure and response to flooding of root 

aerenchyma in some wetland plants. Annals of Botany 51, 237-249 

Springer B, Werr W, Starlinger P, Bennett DC, Zokolica M, Fleeting M (1986) The 

shrunken gene on chromosome 9 of Zea mays L. is expressed in various plant tissues and 

encodes an anaerobic protein. Molecular and General Genetic 205, 461-468 

Stepanova A Yu, Polyakova LI, Dolgikh I Yu, Vartapetian BB (2002) The response of 

sugarcane (Saccharum officinarum) cultured cells to anoxia and the selection of a tolerant 

cell line Fiziologia Rastenii (Moscow) 49, 451-458 (Russian Journal of Plant Physiology 

English Translation, pp 406-412) 

Stoimenova M, Libourel IGL, Ratcliffe RG, Kaiser WM (2003) The role of nitrate reduction 

in the anoxic metabolism of roots- II. Anoxic metabolism of tobacco roots with or without 

nitrate reductase activity. Plant and Soil 253, 155-167 

Subbaiah CC, Bush DC, Sachs MM (1994) Elevation of cytosolic calcium precedes anoxic 

Gene expression in maize suspension-cultured cells. Plant Cell 6, 1747-1762 

Subbaiah CC, Bush DS, Sachs MM (1998) Mitochondrial contribution to the anoxic Ca
2+

 

signal in maize suspension-cultured cells. Plant Physiology 118, 759-771 

Subbaiah CC, Kollipara K, Sachs MM (1999) Potential involvement of maize ALP in the 

anoxia-induced death of the root tip. In: Abstracts of 39
th
 Annual Maize Genetic 

Conference, Lake Geneva, WI, p 98 

Subbaiah CC, Kollipara K, Sachs MM (2000) A Ca
2+

-dependent cysteine protease is 

associated with anoxia-induced root tip death in maize. Journal of Experimental Botany 51, 

721-730 

Subbaiah CC, Sachs MM (2001) Altered patterns of sucrose synthase phosphorylation and 

localization precede callose induction and root tip death in anoxic maize seedlings. Plant 

Physiology 125, 585-594 

Subbaiah CC, Palaniappan A, Duncan K, Rhoads DM, Huber SC, Sachs MM (2006) 

Mitochondrial localization and putative signaling function of sucrose synthase in maize. 

The Journal of Biological Chemistry 281, 1562515635 

Subbaiah CC, Sachs MM (2003) Calcium-mediated responses of maize to oxygen 

deprivation. Fiziologia Rastenii (Moscow) 50, 841-851 (Russian Journal of Plant 

Physiology English Translation, pp 752-761) 

Sugimoto M, Furui S, Suzuki Y (1997) Molecular cloning and characterisation of a cDNA 

encoding putative phospholipid hydroperoxide glutathione peroxi dase from spinach. 

Bioscience, Biotechnology and Biochemistry 61, 13791381 

Summers JE, Ratcliffe RG, Jackson MB (2000) Anoxia tolerance in the aquatic monocot 

Potamogeton pectinatus: absence of oxygenstimulates elongation in association with 

unusual Pasteur Effect. Journal of Experimental Botany 51, 1413-1422 

Tadege M, Brӓndle R, Kuhlemeier C (1998) Anoxia tolerance in tobacco roots: effect of 

overexpression of pyruvate decarboxylase. The Plant Journal 14, 327-335 

Takahama U, Oniki T (1997) A peroxide/phenolics/ascorbate system can scavenge hydrogen 

peroxide in plant cells. Physiologia Plantarum 101, 845-852 

Thomas CE, McLean LR, Parker RA, Ohlweiler DF (1992) Ascorbate and phenolic 

antioxidant interactions in prevention of liposomal oxidation Lipids 27, 543-550 

Thomson CJ, Armstrong W, Waters I, Greenway H (1990) Aerenchyma formation and 

associated oxygen movement in seminal and nodal roots of wheat. Plant Cell and 

Environment 13, 395-403 

Thomson CJ, Giveaway H (1991) Metabolic evidence for stellar anoxia in maize roots 

exposed to low O2 concentration. Plant Physiology 96, 12941301 

Tun NN, Holk A, Scherer GF (2001) Rapid increase of NO release in plant cell cultures induced 

by cytokinin. FEBS Letters 509, 174-176 

Ushimaru T, Kanematsu S, Shibasaka M, Tsuji H  (1999) Effect of hypoxia on the 

antioxidative enzymes in aerobically grown rice (Oryza sativa) seedlings. Physiologia 

Plantarum 107, 181-187 

Van Breusegem, Dat FJF (2006) Reactive oxygen species in plant death. Plant Physiology 141, 

384-390 

Vandenabeele SK, van der Kelen J, Dat I, Gadjev T, Boonefaes S, Mona P, Rottiers L, 

Slooten L, van Montagu M, Zabeau M, Inzé D, van Breusegem F (2003) A 

comprehensive analysis of hydrogen peroxide-induced gene expression in tobacco. 

Proceedings of the National Academy of Sciences USA 100, 16113-16118 

Van Toai IT, Bolles CS (1991) Postanoxic injury in soybean (Glycine max) seedlings. Plant 

Physiology 97, 58872-592 

Vartapetian BB (1973) Aeration of roots in relation to molecular oxygen transport in plants. 

In: Slater RO (Ed) Plant Response to Climatic Factors, Proceedings Uppsala 

Symposium 1970, UNESCO, Paris pp 259-265 

 



55 

  

 

 

Vartapetian BB (1978)Introduction: life without oxygen. In: Hook DD, Craw-

ford RMM (Eds) Plant Life in Anaerobic Environments, Ann Arbor Science, 

Michigan, pp 1-12 

Vartapetian BB (1993a) Flood tolerant and flood sensitive plants under pri-

mary and secondary anoxia. In: Jackson MB, Black CR (Eds) Interacting 

Stresses on Plants in a Changing Climate, NATO AS1 Series I, 16 Springer 

Verlag, Berlin, pp 231-242 

Vartapetian BB (1993b) Plant physiological responses to anoxia. In: Buxton 

DR, Shiblis RA, Forsherg BL, Blad KH, Asey KH, Paulsen GM, Wilson RF 

(Eds) International Crop Science Congress I, Crop Science Society of Ame-

rica, Madison, Wisconsin, USA, pp 721-726 

Vartapetian BB, Andreeva IN (1986) Mitochondrial ultrastructure of three 

hydrophyte species at anoxia and in anoxic glucose-supplemented medium. 
Journal of Experimental Botany 37, 685-692 

Vartapetian BB, Crawford RMM (2007) The International Society for Plant 

Anaerobiosis: History, functions and activity. Plant Stress 1, 1-3 

Vartapetian BB, Jackson MB (1997) Plant adaptation to anaerobic stress. An-

nals of Botany ( Special Issue) 79, 3-20 

Vartapetian BB, Polyakova LI (1999) Protective effect of exogenous 

nitrate on the mitochondrial ultrastructure of Oryza saliva coleoptiles under 

strict anoxia. Protoplasma 206, 163-167 

Vartapetian BB, Agapova LP, Averianov AA, Veselovaky VA (1974) New ap-

proach to study of oxygen transport in plants using chemiluminescent method. 

Nature (London) 24, № 5454, 269 

Vartapetian BB, Andreeva IN, Maslova IP, Davtian NG (1970) The oxygen 

and ultrastructure of root cells. Agrochimica 15, 1-19 

Vartapetian BB, Andreeva IN, Kozlova GI, Agapova LP  (1977) Mitochon-

drial ultrastructure in roots of mesophyte and hydrophyte at anoxia and after 

glucose feeding. Protoplasma 91, 243-256 

Vartapetian BB, Andreeva IN, Nuritdinov N (1978a) Plant cell under oxygen 

stress. In: Hook DD, Crawford RMM (Eds) Plant Life in Anaerobic Environ-

ments, Ann Arbor Science, Michigan, pp 13-88 

Vartapetian BB, Hazier R, Costes C (1978b) Lipids in rice seedling grown 

under anaerobic and aerobic conditions. In: Hook DD, Crawford RMM (Eds) 

Plant Life in Anaerobic Environments, Ann Arbor Science, Michigan, pp 

539-548 

Vartapetian BB, Mazliak P, Lance C (1978c) Lipid biosynthesis in rice cole-

optiles grown in the presence or in the absence of oxygen. Plant Science Let-

ters 13, 321-328 

Vartapetian BB, Andreeva IN, Generozova IP, Polyakova LI, Maslova IP, 

Dolgikh YI, Stepanova AYu (2003) Functional electron microscopy in stu-

dies of plant response and adaptation to anaerobic stress. Annals of Botany 

Special Issue 91, 155-172 

Vartapetian BB, Snkhchian HG, Generozova IP (1987) Mitochondrial fine 

structure in imbibing seeds and seedlings of Zea mays L. under anoxia. In: 

Crawford RMM (Ed) Plant Life in Aquatic and Amphibious Habitats, Black-

well Science, Oxford, pp 205-223 

Virolainen E, Blokhina O, Fagerstedt KV (2002) Ca2+-induced high 

amplitude swelling and cytochrome c release from wheat (Triticum aestivum 

L.) mitochondria under anoxic stress. Annals of Botany 90, 509-516 

Voesenek LACJ, Benschop JJ, Bou J, Cox MCH, Groeneveld HW, Mil-

lenaar FF, Vreburg RAM, Peeters AJM (2003) Interactions between plant 

hormones regulate submergence-induced shoot elongation in the flooding-

tolerant Dicot Rumex palustris. Annals of Botany 91, 205-211 

Voesenek LACJ, Peeters AJM (2004) Submergence-induced shoot 

elongation: plant hormones and microarrays. 8th Conference of the 

International Society of Plant Anaerobiosis, 20-24 September, Perth, 

Western Australia, p 44 (Abstract) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Vriezen WEI, Zhou Z, Van der Straeten D (2003) Regulation of submergence 

induced enhanced shoot elongation in Oryza sativa L. Annals of Botany 91, 

263-270 

Waters BI, Armstrong W, Thompson CJ, Setter TL, Adkins S, Gibbs J, 

Greenway H (1989) Diurnal changes in radial oxygen loss and ethanol meta-

bolism in roots of submerged and non-submerged rice seedlings. New Phyto-

logist 113, 439-451 

Waters I, Morrell S, Greenway H, Colmer TD (1991) Effects of anoxia on 

wheat seedlings: II. influence of O2 supply prior to anoxia on tolerance to an-

oxia, alcoholic fermentation and Sugar Levels. Journal of Experimental Bot-

any 42, 1437-1447 

Watkin ELJ, Thomson CI, Greenway H (1998) Root development and aeren-

chyma formation in two wheat cultivars and one triticale cultivar grown in 

stagnant agar and aerated solution Annals of Botany 81, 349-354 

Webb T, Armstrong W (1983) The effects of anoxia carbohydrates on the 

growth and viability of rice, pea and pumpkin roots. Journal of Experimental 

Botany 34, 579-603 

Wendehenne D, Pugin A, Klessig DF, Durner J (2001) Nitric oxide: compara-

tive synthesis and signaling in animal and plant cells. Trends in Plant Science 

6, 177-183 

Wendehenne D, Lamotte O, Pugin A (2003) Plant iNOS: conquest of the Holy 

Grail. Trends in Plant Science 8, 465-468 

Willekens H, Inze D, van Montagu M, van Camp W (1995) Catalase in 

plants. Molecular Breeding 1, 207-228 

Wingate VPM, Lawton MA, Lamb CJ (1988) Glutathione causes a massive 

and selective induction of plant defense genes. Plant Physiology 87, 206-210 

Wink DA, Mitchell JB (1998) Chemical biology of nitric oxide: insights into 

regulatory, cytotoxic, and cytoprotcetive mechanisms of nitric oxide. Free 

Radicals in Biology and Medicine 25, 434-456 

Xia JH, Roberts JKM (1994) Improved cytoplasmic pH regulation, increased 

lactate efflux, and reduced cytoplasmic lactate level are biochemical traits ex-

pressed in root tips of whole maize seedlings acclimated to a low oxygen 

environment. Plant Physiology 105, 651-657 

Xia JH, Saglio PH (1992) Lactic acid  efflux as a mechanism of hypoxic 

acclimation of maize root tips to anoxia. Plant Physiology 100, 40-46 

Xia JH, Saglio PH, Roberts JKM (1995) Nucleotide levels do not critically-

determine survival of maize root tips acclimated to a low oxygen environ-

ment. Plant Physiology 108, 589-595 

Yamasaki H, Sakihama Y (2000) Simultaneous production of nitric oxide and 

peroxynitrite by plant nitrate reductase: in vitro evidence for the NR-depen-

dent formation of active nitrogen species. FEBS Letters 468, 89-92 

Yan B, Dai Q, Lin X, Huang S, Wang Z (1996) Flooding-induced membrane 

damage, lipid oxidation and activated oxygen generation in corn leaves. 

Plant and Soil 179, 261-268 

Ye Q, Steudle E (2006) Oxidative gating of water channels (aquaporins) in corn 

roots. Plant Cell and Environment 29, 459-470 

Yu Q, Rengel Z (1999a) Drought and salinity differentially influence activities  
of superoxide dismutase in narrow-leafed lupins. Plant Science 142, 1-11 

Yu Q, Rengel Z (1999b) Waterlogging influences plant growth and activities of 

superoxide dismutases in narrow-leafed lupin and transgenic tobacco plants. 

Journal of Plant Physiology 155, 431-438 

Zago E, Morsa S, Dat JF, Alard P, Ferrarini A, Inn D, Delledonne M, Van 

Breusegem F (2006) Nitric oxide - and hydrogen peroxide - responsive gene 

regulation during cell death induction in tobacco. Plant Physiology 141, 404-411 

Zemojtel T, Frӧhlich A, Palmieri MC, Kolaczyk M, Mikula L, Wyrwicz LS, 

Wanker EE, Mundlos S, Vinton M, Martasek P, Durner J (2006) Plant nitric 

oxide synthase: a never-ending story? Trends in Plant Science 11, 524-525 

Zs-Nagy I, Galli C (1977) On the possible role of unsaturated fatty acids in the 

anaerobiosis of Anodonta cygnea L. (Molluscs, Pelecypoda). Acta Biology of 

Academy Science Hungary 28, 23-131 



The International Society for Plant Anaerobiosis 
and Its Role in Opening a New Avenue of Research

B. B. Vartapetiana, R. M. M. Crawfordb, M. M. Sachsc, R. D. Hilld, K. V. Fagerstedte, R. Dolfernsff, and VI. V. Kuznetsova 

a Institute of Plant Physiology, Russian Academy of Science, Botanicheskaya ul. 35, 127276 Moscow, Russia;
fax: 7 (499) 977-8018; e-mail: bori.svartapet@ippras.ru  

b University of St. Andrews, Sir Harold Mitchell Building Fife, KY16 9AL, United Kingdom 
c USDA/ARS/MWA-Soubean/Maize Germplasm, Pathology and Genetic Research Unit Urbana IL, United States 

d Department of Plant Science, University of Manitoba, Winnipeg, MB, Canada, R3T 2N2 
 e Plant Biology, Department of Biological and Environmental Sciences, Helsinki University, P.O. Box 65, FI-00014, Finland 

f CSIRO Plant Industry, GPO Box 1600, Canberra ACT 2601, Australia 
Received August 3, 2010

Abstract—This paper is dedicated to the 35 year jubilee of the founding and the activity of the International Society for Plant
Anaerobiosis (ISPA). The role of ISPA members in opening new avenues of research is emphasized. Major developments
in the study of plant hypoxic and anoxic stress achieved during subsequent decades are considered. Special attention is given
to plant adaptation and damage under conditions of oxygen deficiency and complete absence of oxygen as well as during
the  post-anaerobic  period.  Plant  metabolic  adaptation  to  anaerobic  stress  and  the  capacity  of  some  plants  to  avoid
anaerobiosis are discussed.
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Plants, as obligate aerobic organisms, normally require a
constant supply of molecular oxygen for respiratory processes.
The  oxidative  reactions  in  mitochondria,  which  require
molecular  oxygen from the  atmosphere,  are  vital  for  the
energetic  demands  of  plant  cells.  Oxygen  deficiency
(hypoxia),  and  especially  its  complete  absence  (anoxia)
often resulting from flooding, creates extreme anaerobic stress
conditions for plants.

Many plants,  however,  may experience  hypoxia  and
anoxia during various stages of their life cycle (e.g., during
seed germination). Most frequently this happens when they are
growing in excessively wet and  flooded soils,  which already
occupy vast areas of many global ecosystems. It is highly probable
that the risk of flooding, which is already high in many lowland
areas,  will increase as a result of Global Warming. Increased
rainfall in oceanic areas and the melting of the Arctic  and
Antarctic  icecaps  will  further  aggravate  this  problem.  The
catastrophic  increase  in  sea  level,  projected  in  some
publications  to  be  as  much  as  3.3  meters  (with  regional
variations) will be a challenge to plant life especially in coastal
areas. Oxygen deprivation in flooded soils occurs because of the
slower rate of molecular oxygen diffusion in water, which is
10000 times lower than  that  in  the gaseous phase.  During
flooding, or periods of excessive soil moisture, water replaces
gas in soil.  Therefore, initially the root system suffers from
oxygen deficiency. Anaerobic stress often results in the mass
death of crops and wild plants, inducing severe ecological and
economic consequences.

Agricultural  crops  are  particularly  vulnerable  in  this
situation because they are mostly adapted to aerobic soils. When
exposed to conditions of limited oxygen availability, crop plants
can be damaged and perish. Only in rare cases are they able to adapt
to these extreme conditions.

Plant  anaerobic  stress  can  also  arise  under  other
circumstances. This can happen, for example, in compact soils or
when a gas-impermeable ice crust covers  plant and soil surfaces
during  the  autumn  and  winter  in  the  Arctic,  and  other  cold
continental  regions.  Oxygen  deficiency  can  also  be  imposed
directly through  anthropogenic activities, e.g., it can result from
irrigation and also from long-term bulk storage of fruit,  grain,
potatoes,  and  other  vegetables.  This  problem  might  even
become  important  in  connection  with  advances  in  space
exploration.

In excessively wet and flooded soils, plants not only suffer from
oxygen deficiency but also from the accumulation of potentially
toxic  organic  and  inorganic  compounds.  In  addition,
microorganisms  in  the  rhizosphere are  also changing as  a
consequence of  flooding conditions, and this also affects plant
nutrition and development.

However, it is known that many plant species, pre-
dominantly the representatives of wild flora, are capa-
ble of inhabiting excessively wet or even flooded soils.
Although many crop plants are sensitive to flooding
conditions,  rice  (Oryza  sativa)  is  the most  notable
exception. Rice is the staple food for half of the world
population, and 90% is grown by poor farmers in East
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Table 1. International symposia and conferences organized by ISPA members 

 

Year Country Organizers 

1975 USSR (XII IBC*) B.B. Vartapetian 

1985 USSR (UNESCO) B.B. Vartapetian 

1985 United Kingdom R.M.M. Crawford 

1986 United States D.D. Hook 

1987 Switzerland R. Brändle 

1992 Iceland (UNESCO) B.E. Gudleifsson 

1992 United Kingdom (NATO) M.B. Jackson, C.R. Black 

1993 Japan (XV IBC*) M.B. Jackson 

1994 United Kingdom R.M.M. Crawford 

1995 Finland S. Pulli, B.V. Fagerstedt 

1995 United Kingdom M.B. Jackson 

1998 USA T.T. VanToai 

1999 USA (XVI IBC*) J.L. Seago, W. Armstrong 

2001 The Netherlands - (Green Cross) A.C.J. Voesenek, E.J.W. Visser, M.B. 

Jackson, C.W.P.M. Blom 

2004 Australia T.D. Colmer, H. Greenway,  

T.L. Setter 

2007 Japan K. Ishizawa 

2010 Italy P. Perata  

           *International Botanical Congress

 
and South-East Asia. It is cultivated predominantly on 
flooded, excessively wet soils. But even rice productivity 
often suffers from oxygen deficiency, especially when 
its seedlings are submerged completely, as happens 
frequently in flood-prone areas of South-East Asia. 

Strangely enough, in spite of the obvious impor-
tance of studying anaerobic stress, until relatively 
recently, little attention had been given to this problem. 
This is in contrast to other extreme ecological issues, 
such as high and low temperature, soil salinity, drought, 
and biotic stresses. However, this has changed 
dramatically during the past few decades, when 
physiological, biochemical, and more recently 
molecular-genetic aspects of plant hypoxia and anoxia 
became popular research topics for numerous 
researchers in various countries, whose activity has 
resulted in substantial progress. 

The initial manifestation of an organized interest in 
plant anaerobic stress arose at an international level in 
the 1970s, when the first international symposium on 
plant hypoxia and anoxia was organized (Table 1) in 
USSR in the framework of the XII International 
Botanical Congress (IBC). Proceedings of this sympo-
sium Plant Life in Anaerobic Environments edited by 
Professors D. Hook and R. Crawford (Table 2) were 
published in 1978 in the United States. This mono-
graph generated a vivid interest in scientific circles. 
Corresponding review papers appeared immediately in 
a number of international journals:  

Science, New Physiologist, Journal of Experimental 
Botany, Journal of Applied Ecology, and Plant Cell and  

 
Environment. In 1980, the monograph's second 

edition was printed. 

The first symposium and the first monograph on 
plant anaerobic stress played an important role in con-
solidation of the few experts in this field in various 
countries and stimulated the appearance of some new 
research teams and centers engaged in the topic of 
plant anaerobic stress. 

In 1985, the second international symposium on 
plant anaerobic stress was held under the aegis of 
UNESCO (Table 1). The number of participants of 
this symposium increased severalfold than that of the 
first one. Proceedings of this symposium were also 
published later as a monograph edited by Professors 
M. Jackson, D. Davies, and H. Lambers (Table 2). 

The foundation of the International Society for 
Plant Anaerobiosis (ISPA), that took place during the 
Moscow symposium in 1985, was an important event. 
In subsequent years, ISPA coordinated the activity of 
its members in both scientific investigations and orga-
nizing international meetings. Active scientific con-
tacts arose between experts from various countries, 
including joint investigations and publications, regular 
international conferences and symposia on plant 
anaerobic stress performed in various countries under 
the aegis of UNESCO, NATO, and the International 
Green Cross (Table 1). The composition of partici-
pants of these meetings widened considerably. At 
present, there have been a total of 17 international 
conferences and symposia on plant anaerobic stress 
organized by ISPA members; they were held in the 
USSR (Russia), United States, Great Britain, Swit- 
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Table 2. Monographs and collected papers on plant hypoxic and anoxic stresses edited and published by ISPA members 

 
 
 
zerland, Finland, Iceland, the Netherlands, Australia, Japan, 
and Italy. 

Due to the activity of ISPA members, 13 comprehensive 
monographs and special issues or special sections of 
international journals devoted to plant anaerobic stress 
have been published (Table 2), and the number of 
individual publications on this topic have increased 
enormously. 

The members of ISPA have become active participants 
of other international congresses and conferences as well, 
where they have been invited as speakers or organizers of 
sessions on plant anaerobic stress. The importance of the 
problem of plant anaerobic stress for both fundamental 
science and applied aspects in agronomy and forestry has 
become obvious and is now commonly recognized. 

Qualitative changes have also occurred. While earlier 
studies focused on problems of ecology, physiology, and 
biochemistry of plant anaerobic stress, during the last decade, 
the interest of molecular biologists and molecular genetics in 
this topic has greatly increased. 

During this time, the investigation of mechanisms of 
plant damage and adaptation under conditions of hypoxia 
and anoxia was the main focus of research. Two main 
strategies of plant adaptation to anaerobic stress were 
subjected to active experimental verification, namely, 
metabolic adaptation at molecular and cellular levels to the 
absence or deficiency of oxygen due to drastic 
rearrangement of cell metabolism (true tolerance) and 
adaptation at the level of the whole plant due to oxygen 
transport from aerated plant parts to the organs ( r o o t s ,   

 
 
 

 
r h i z o m e s )  l o c a t e d  i n  o x y g e n - f r e e  
environment, i.e., avoiding anaerobiosis (apparent tolerance 
or avoidance/escape strategies). A key role of cell energy 
metabolism (glycolysis, fermentation) in plant metabolic 
adaptation became increasingly obvious. Plants, as with all 
aerobes exposed to oxygen deprivation, adapt to the lack of 
the electron acceptor, oxygen, with a number of 
approaches. Metabolic, gene expression, and genetic studies 
have clearly demonstrated the importance of fermentation 
in maintaining redox status and plant survival under hypoxic 
stress. 

Soils exposed to flooding are quickly depleted of 
nitrogen salts through the denitrification processes. These 
salts serve as alternative electron acceptors to oxygen for 
the support of microbial metabolism. A somewhat similar 
mechanism exists in plants. Nitrate alleviates plants 
flooding stress. Nitrate reductase forms nitrite, which, in 
turn, is reduced by anoxic mitochondria to nitric oxide, 
NO. The NO is oxygenated to nitrate by a hypoxically-
reduced hemoglobin with a strong avidity for oxygen. The 
net process aids in the maintenance of cell redox status. 
In addition, the reduction of nitrite by mitochondria 
generates a chemi-osmotic potential resulting in ATP 
synthesis, contributing to enhancing the energy status of 
the anoxic cell. 

In plant organs that strive to remain metabolically 
active when flooded during the growing season, 
avoiding anaerobiosis is essential and less reliance is 
evident in relation to metabolic adaptations. These 
plants avoid anaerobiosis due to the formation of  air-
filled spaces (aerenchyma) as a result of programmed cell 
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death (apoptosis), thereby facilitating oxygen trans-
port. 

Functioning of both strategies of adaptation to 
anaerobic stress is obviously manifested during rice 
(Oryza sativa) development: at early stages of anaero-
bic seed germination, metabolic adaptation occurs 
even under conditions of strict anoxia due to active 
mobilization and utilization of reserve carbohydrates 
(starch) and coleoptile growth, while the adult plants, 
that also grow readily on excessively wet anaerobic 
soils, are adapted due to the formation of aerenchyma 
and long-distance oxygen transport from aerated 
aboveground organs to the roots. Avoiding oxidative 
damage (post-anoxic injury) in the post-flooding stage 
is of prime importance, and antioxidant protection of 
plant tissues is of paramount importance for survival 
after oxygen deprivation. The reduced compounds 
accumulated during the period of low oxygen (e.g., 
flooding) can be rapidly oxidized after the flooded 
period ends, resulting in the formation of reactive oxy-
gen species (ROS) and sometimes dramatic oxidative 
damage. Down-regulation of metabolism is therefore 
a strategy that is used by plants that are able to endure 
prolonged anoxia during the dormant season. It is also 
important for many arctic species that survive long 
periods with a total cessation of aerobic activity while 
under ice. This can be prevented by the many antioxi-
dants plants contain, provided they have been regener-
ated during the stress period — otherwise death can  

occur. In addition to the antioxidants that are familiar 
to all biologists, i.e., ascorbic acid, glutathione, toco-
pherols, and many enzymes protecting tissues against 
oxidative damage, such as superoxide dismutase and 
catalase, plants contain a vast number of phenolic 
compounds with anti-oxidative properties. These are 
probably more important than we realize at the 
moment, especially in native plant species where phe-
nolics have not been removed during plant breeding. 

Based on the aforementioned achievements in the 
studying of plant anaerobic stress, attempts have been 
made to create plants more tolerant to anaerobic stress 
using biotechnological approaches: gene and cellular 
engineering. 

This brief analysis of the state of affairs in this 
branch of science shows that, mainly due to the efforts 
of ISPA members, illustrated in Tables 1 and 2, a novel 
scientific discipline has been founded at the interface 
between ecology, physiology, biochemistry, genetics, 
and molecular biology of plants. This discipline has 
gained substantial international recognition and is 
actively developed in numerous research centers and 
universities around the world. At present, this commu-
nity faces new challenges in the form of the sea level 
rise and increased flooding stress to native plants and 
crop species. Knowledge of how plants can survive in 
atmospheres deficient in oxygen may even be of rele-
vance with regard to future exploration of the Cosmos. 
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INTRODUCTION 

Flooding and submergence are major abiotic stresses and 
rank alongside water shortage, salinity and extreme tem-
peratures as major determinants of species distribution 
worldwide. Success or failure of crops in much arable 
farmland can also be determined by the frequency and 
extent of flooding. The International Society for Plant 
Anaerobiosis (ISPA) has promoted and coordinated the 
study of plant responses to these stresses and other aspects 
of impeded plant aeration since its inception at the XII 
International Botanical Congress in Leningrad (now 
St Petersburg) in 1975. Since that time members of the 
ISPA have organized meetings, workshops and sessions on 
plant aeration at major scientific conferences on plant 
aeration in Russia (1975, 1985), UK (1985, 1993, 1995, 
2001), USA (1986, 1999, 2000), Switzerland (1987), 
Iceland (1992), Japan (1993), Czechoslovakia (1994) and 
Finland (1995). Several of these meetings have resulted in 
books (Hook and Crawford, 1978; Crawford et al., 1987; 
Hook et al., 1988; Jackson et al., 1991; Jackson and Black, 
1993; Crawford et al., 1994) and issues or part issues of 
journals [Annals of Botany 74(3) 1994; 79 (Suppl. A) 1997; 
86(3) 2000; 90(4) 2002]. These publications have helped to 
establish the study of plant life under flooding and 
submergence as a major topic in plant biology, incorporat-
ing some of the most progressive elements of botanical 
research. The current issue of Annals of Botany contains a 
selection of papers by speakers at the 7th and latest ISPA 
Conference, which was held at Nijmegen, The Netherlands,  
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from 12 to 16 June 2001 and which attracted almost 100 
delegates from Europe, Asia, Australia and North 
America. It was arranged under the aegis and patronage of 
the International Committee on Global Climate and Plant 
Environment Stresses. Support from The Royal Netherlands 
Academy of Arts and Sciences, Utrecht University, the 
University of Nijmegen, and The Royal Botanical Society 
of the Netherlands made the conference financially possible. 

MAJOR TOPICS CONTAINED IN THIS  
SPECIAL ISSUE 

Plants adapt to their ever-changing environment in many 
ways, leading to a wealth of growth forms of varying 
complexity. Certain habitats demand exceptional adapta-
tions, especially when one or more essential resources is 
scarce or absent. The conditions prevailing in wetlands are 
an example of such an extreme environment since the highly 
water-saturated soils exclude oxygen, one of the fundamen-
tal requirements for plant life. Oxygen starvation in these 
soils arises from an imbalance between the slow diffusion of 
gases in water compared with air and the rate that oxygen is 
consumed by micro-organisms and plant roots. The out-
come is that flooded soil quickly becomes devoid of oxygen 
at depths below a few millimeters. In the floodwater itself, 
broad unstirred boundary layers quickly develop around 
respiring tissues. This alone can lead to tissue oxygen 
deficiency within a few hours. Since roots and rhizomes are 
essentially aerobic organs, the consequences can be fatal 
because, as aerobic respiration ceases, levels of energy-rich 
adenylates drop rapidly, causing a dramatic decline in ion 
uptake and transport (Huang et al., 2003; Vartapetian et al., 

Annals of Botany. Vol. 91, 107-109, 2003 
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2003). The variety of habitats in which occasional or regular 

flooding takes place is large, and some are currently increasing 

in area. This is certainly the case for the vast tundra that 

stretches from east Siberia via northern Europe to the north of 

the North American continent (Crawford et al., 2003). 

Faced with oxygen depletion in the soil, plants have evolved 

a wide range of characteristic responses that appear to reduce 

the impact of the stress. Several of these acclimations can 

sometimes be found together. For example, plants may develop 

morphological and biochemical features that are either 

constitutive or are induced by the flooding event. Several 

anatomical responses facilitate internal transport of oxygen by 

diffusion or sometimes by mass flow. This permits 

underground organs to avoid developing anaerobic interiors. Of 

particular importance is the development of aerenchyma (gas-

filled channels that can interconnect throughout much of the 

plant). This creates a low resistance network for the transport of 

gases from well-aerated aerial shoots to organs engulfed by 

anaerobic surroundings. The effectiveness of aerenchyma can 

be increased by the formation of gas-tight barriers in the 

epidermis and exodermis in roots that inhibit radial loss of 

oxygen from roots to the surrounding oxygen-deficient soil 

(Aschi-Smiti et al., 2003; Colmer, 2003). 

When floodwater deepens sufficiently to inundate the shoots 

as well as the roots, stress on the plants is much magnified. The 

extra stress arises because influx of aerial carbon dioxide for 

photosynthesis is largely prevented. Only a relatively small 

group of well-adapted aquatic or amphibious species can 

survive total submergence of the shoot system for long at 

growing temperatures. The principal strategy for survival is to 

shorten the period of total submergence by means of a strong 

increase in the shoot elongation rate that reunites the shoot with 

air. In most cases this growth requires oxygen, is regulated by a 

build-up of the plant hormone ethylene and is mediated via 

expression of expansin genes (Voesenek et al., 2003; Vriezen et 

al., 2003). In contrast, a small number of species (e.g. 

Potamogeton pectinatus) are also able to escape by means of 

accelerated vertical extension growth even in the complete 

absence of oxygen and independently of ethylene. Taken 

together, these acclimations help individual plants to survive 

through improved access to oxygen achieved by accelerated 

upward shoot growth. 

Even species that are susceptible to poorly aerated conditions 

possess metabolic and molecular responses that lengthen 

survival time from a few hours to several days. All plant 

species synthesize so-called anaerobic proteins that enable an 

oxygen-independent energy-generating metabolism to proceed 

where fermentable substrates are available (Subbaiah and 

Sachs, 2003). In better-adapted species with large respirable 

reserves, these fermentation pathways can sustain survival 

under water for many months, and are the means by which 

aquatic perennials cope with seasonal winter flooding in cool 

latitudes. Particularly important is the fuelling of these 

fermentation processes. Soluble sugars are rapidly 

channelled to fermentative metabolism as soon as oxygen 

levels decrease. Since the amounts of these sugars are limited, 

starch breakdown is highly regulated by interactions between  

 

 

hormonal and sugar signals (Loreti et al., 2003). A further 

group of plants, typical of arctic regions, is able to withstand 

total anoxia for long periods, even as green plants (Crawford et 

al., 2003). This long-term metabolic tolerance is seen as an 

adaptation to ice encasement or submergence in melt water that 

is common in artic regions, which comprise a fifth of the earth's 

land surface. The mechanism may involve a highly controlled 

down-regulation of almost all aspects of metabolism. 

Prevention of the build-up of potential phytotoxins is another 

mechanism that enhances plant survival under flooded 

conditions. A specific type of haemoglobin (phytoglobin) may 

play such a role by detoxifying nitric oxide formed during 

hypoxia of root tissues. Alternatively, phytoglobin may also 

regenerate NAD+, thereby serving as an alternative to 

fermentation as a source (Dordas et al., 2003). Reactive oxygen 

species (ROS) are possible phytotoxins affecting flooded 

plants. Low oxygen concentrations and the re-oxygenation that 

occurs upon retreat of floodwater together favour the generation 

of ROS. Protection mechanisms against ROS involving 

chemical and enzymic antioxidant systems are essential traits of 

flood-tolerant plants (Blokhina et al., 2003), helping to protect 

lipids and other macromolecules from oxidative damage. 

As in most other areas of biological research, the 

development of new analytical tools has advanced our 

knowledge of detailed cellular processes considerably. The use 

of anaerobic promoters and histochemically detectable reporter 

genes is helping to dissect the signal transduction pathway 

involved in sensing and relaying the oxygen deficiency signal. 

For example, expression of a gene coding for glyceraldehyde-3-

phosphate dehydrogenase, a glycolytic enzyme induced 

anaerobically in roots, leaves, stems and flowers of Arabidopsis 

thaliana is dependent on light and the substitution of oxygen 

with carbon dioxide (Hansch et al., 2003). More novel genes 

involved in anaerobic signalling have been isolated in 

arabidopsis by Baxter-Burrell et al. (2003) using two 

genetically engineered transposable DNA elements as 

mutagens. This screen has yielded genes not previously 

implicated in responses to oxygen deprivation, such as a 

putative receptor-like kinase and a putative sensorhistidine 

kinase. Other recent approaches, such as DNA chip technology 

and proteome analysis, are also helping to explore unknown 

(functions of) genes and proteins involved in adaptation to 

flooding and anaerobiosis (Dolferus et al., 2003). However, 

significant technical progress has not been restricted to the 

study of molecular genetics. Marked advances in quantitative 

methods for the trace analysis of metabolites produced during 

flooding have also been made using highly sensitive techniques 

such as photoacoustic spectroscopy (Boamfa et al., 2003). This 

equipment allows tracking the onset of anoxic processes such 

as fermentation with impressive time resolution and sensitivity. 

Rice (Oryza sativa) is usually thought of as being highly tolerant of 

flooded conditions. Not only is it able to germinate without oxygen, 

but green leaves and stems are capable of a powerful, ethylene-

mediated elongation response (Vriezen et al., 2003) that can quickly 

return leaves or stems into contact with the air. Deepwater 

and  floating ecotypes are particularly  well known for this, 
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although the trait is expressed to some extent in most if not 

all ecotypes of O. sativa. However, for small seedlings, 

temporary flooding in lowland rice-growing regions of Asia 

is often too deep for the elongation escape mechanism to be 

effective and the plants suffer serious injury or are killed. 

Causes of this injury and ways to improve tolerance have 

been the subject of a 4.5-year project ('Rice for Life') 

funded by the European Commission under its INCO-DC 

programme. Work arising from this project is included in 

this Special Issue. It has benefited substantially from the use 

of submergence-resistance lines derived from a primitive 

Indian farmer variety, and much is now known about the 

mechanisms of injury and tolerance (Jackson and Ram, 

2003). Work on the levels of fermentative enzymes 

(Mohanty and Ong, 2003) and on volatile emissions using 

laser photoacoustics (Boamfa et al., 2003) have largely 

discounted oxygen shortage as necessarily the principal 

cause of submergence injury in rice.  Instead, lack of 

photosynthetic fixation and enhanced leaf senescence 

coupled with increased metabolic demands by fast under-

water elongation seem largely to be responsible. Molecular 

genetics has pinpointed a region on chromosome 9 that is 

closely associated with tolerance, slow underwater elonga-

tion, retarded senescence (Toojinda et al., 2003) and 

ethylene insensitivity. DNA markers, fine mapped to this 

locus, have proved to be inextricably linked with the 

inheritance of the tolerance trait. A breeding programme has 

successfully produced a submergence-tolerant variety of a 

Thai fragrant rice that possesses the agronomic and culinary 

characteristics needed for commercial success and carries a 

molecular marker closely associated with the tolerance trait 

(Siangliw et al., 2003). This demonstrates that marker-

assisted breeding for submergence tolerance in rice is now a 

practical possibility. It also opens the way towards identi-

fying the gene(s) responsible by means of chromosome 

walking and related techniques. 

This Special Issue brings together work from most of the 

leading laboratories studying plant responses and adaptation 

to impeded aeration. The progress it documents since the 

last Annals of Botany Special Issue on this subject (1997) 

sees a greater emphasis on molecular genetics and the 

adoption of its techniques by ecophysiologists, physiolog-

ists and plant breeders, as well as cell biologists. It mirrors 

the welcome breakdown of barriers that once differentiated 

the various disciplines within the plant sciences now that an 

increasingly shared terminology and set of methods allow 

information to move more easily between scientists with 

diverse research targets. Clearly, research into stress caused 

by poor aeration is a rapidly developing into a cross-

disciplinary science. We trust that this Special Issue 

faithfully reflects this and will help to promote further 

substantial advances in the future. 
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 Background In recognition of the 200th anniversary of Charles Darwin's birth, this short article on flooding 
stress acknowledges not only Darwin's great contribution to the concept of evolution but also to the study of 
plant physiology. In modern biology, Darwin-inspired reductionist physiology continues to shed light on mech-
anisms that confer competitive advantage in many varied and challenging environments, including those where 
flooding is prevalent. 
 Scope Mild flooding is experienced by most land plants but as its severity increases, fewer species are able to 
grow and survive. At the extreme, a highly exclusive aquatic lifestyle appears to have evolved numerous times 
over the past 120 million years. Although only 1-2% of angiosperms are aquatics, some of their adaptive charac-
teristics are also seen in those adopting an amphibious lifestyle where flooding is less frequent. Lowland rice, the 
staple cereal for much of tropical Asia falls into this category. But, even amongst dry-land dwellers, or certain of 
their sub-populations, modest tolerance to occasional flooding is to be found, for example in wheat. The collec-
tion of papers summarized in this article describes advances to the understanding of mechanisms that explain 
flooding tolerance in aquatic, amphibious and dry-land plants. Work to develop more tolerant crops or 
manage flood-prone environments more effectively is also included. The experimental approaches range from 
molecular analyses, through biochemistry and metabolomics to whole-plant physiology, plant breeding and 
ecology. 

Key words: Abiotic stress, adaptation, anoxia, Charles Darwin, environmental stress, evolution, flooding, 
hypoxia, rice, submergence, wetlands. 

INTRODUCTION 

Publication of this Special Issue devoted to plant life under 
flooding stress happily coincides with the 200th 
anniversary of the birth of Charles Darwin, the great 
biologist who, together with Alfred Russel Wallace, first 
put forward evidence for the now widely accepted 
theory of evolution through natural selection. The theory 
was given its initial public airing at the Linnean Society 
in London on 1 July, 1857, just over 150 years ago 
(http://www.linnean.org/index. php?id=380) and was 
followed approximately one year later by publication of 
the first edition of On the Origin of Species (Darwin, 
1859). Less well recognized are Charles Darwin's 
pioneering studies on the workings of plants, which 
took advantage of the comparative ease with which they 
can be examined experimentally compared to animals. 
This move to direct experimentation reflected Darwin's 
strong belief in argument based on primary evidence, 
the sort of evidence that is best obtained through careful 
testing and observation in the laboratory. He worked 
closely with his son Francis, a distinguished plant 
physiologist in his own right (Ayres, 2008). Francis (Sir 
Francis from 1913) helped to start Annals of Botany 
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in 1887 (Wilson, 1978) and later used the Journal to 
describe, in engaging terms, his father's extensive 
botanical publications (Darwin, 1899) of which The 
Power of Movement in Plants (Darwin, 1880) is perhaps 
best known since the phototropism experiments it 
describes led the way to the eventual discovery of the 
plant hormone auxin. Charles Darwin studied plants 
intensively and saw their physiological characteristics 
and links between structure and function as components 
of evolutionary progress —components that, in 
themselves, are amenable to experimental study. 
Reductionist research of this kind blossomed in the 20th 
Century and remains a major and highly progressive strand 
of present-day plant biology. Darwin's concept of 
evolution on the land was thus not merely of an awe-
inspiring chronology of extinctions and divergences 
spanning millions of years but embraced the concept of 
underpinning adaptations for which there must be 
physiological explanations. Such a vision fits well with 
the central topic of this Special Issue.  

EVOLUTION OF FLOODING TOLERANCE 

Flooding imposes a severe selection pressure on plants 
principally because excess water in their surroundings 
can deprive them of certain basic needs, notably of 
oxygen and of carbon dioxide and light for 
photosynthesis. It is one of the major abiotic influences 
on species' distribution and agricultural productivity 
world-wide (e.g. http://www.plantstress. 
com/Articles/index.asp). The strong challenge to survival 
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that flooding exerts has led to the emergence of a sizeable 
minority of modern-day taxa with abilities to grow, reproduce 
and compete strongly in permanently or near-permanently 
flooded environments. Although fossil evidence indicates 
that plant life on the land has aquatic origins commencing 
approx. 460 million years ago (Beerling, 2007), all but the 
most basic attributes of flooding tolerance (e.g. the 
anaerobic respiratory pathways) seemingly involved an 
adaptive return to aquatic competence by land-dwelling 
plants. Sometimes, an entire group such as the order 
Nymphaeales (the water lilies) is aquatic (i.e. grow and 
reproduce when submerged or floating in water for much or 
all of each year), indicating an early evolutionary origin of 
the aquatic life style. Water lilies comprise one of the 
oldest-diverging lineages and from the fossil record 
have existed for —120 million years, i.e. first appearing in 
the Lower Cretaceous period (Friis et al., 2001) when 
angiosperms were first developing. At the other extreme, 
isolated aquatic species in otherwise terrestrial groups 
indicate a more recent evolutionary origin. For example, 
Erigeron heteromorphus is the only aquatic species out of 
the —3000 species comprising the tribe Astereae (Cook, 
1999), a group spr inging from a relat ively late  
divergence event  (Angiosperm Phylogeny Group, 
2003). 

Based on an analysis of morphology and deduced 
evolutionary history, a return to aquatic competence 
appears to have taken place over 200 separate times to 
produce today's taxonomically varied aquatic flora. About 
1-2 % of extant angiosperms are aquatic but taxonomically 
highly scattered (Cook, 1999). This implies that a 
relatively small number of key inheritable characteristics 
are needed to confer the ability to live almost constantly 
in water, since their adoption is seen in so many distantly 
related taxonomic groups. An ability to form replacement 
adventitious roots, and hypertrophied stems (see Fig. 1) 
and well-developed aerenchyma come particularly to mind. 
Constitutive aerenchyma formation is an ancient 
characteristic that predates emergence of angiosperms (e.g. 
carboniferous tree ferns; Eble et al., 2003). Its develop-
ment by differential expansion of lysigeny has been 
described in roots of Acorus calamus, a basal monocot 
(Soukup et al., 2005), and in a wide variety of other 
flooding-tolerant species of lineages that diverged more 
recently (Justin and Armstrong, 1987). Other commonly 
occurring characteristics of the aquatic community include 
the capacity for accelerated underwater elongation that 
restores submerged shoots to aerial contact before 
asphyxiation sets-in (Jackson, 2008) and specialized 
forms for submerged leaves that may enhance gas 
exchange underwater (see Sculthorpe, 1967, chapters 35 
for a comprehensive account). However, although Cook 
(1999) comments on how simple it was for him to breed 
plants that were terrestrial or aquatic from crosses between 
amphibious plants of Ranunculus subgenus Batrachium, the 
genetical and physiological bases for aquatic or amphibious 
resilience these and other key features of aquatic species still 
remain unresolved. This suggests most are more 
complex than phylogenetic appearances may suggest. 

The fully aquatic life style represents only one extreme 
in the spread of flooding tolerance amongst the angiosperms. 
In between this and one of a predominately arid existence 
lies what might usefully be considered the amphibian life 
style (Braendle and Crawford, 1999), where plants 
have come to bear  temporary flooding in regular or 
irregular pulses and also the subsequent return to drier 
conditions. This highly diverse group includes a sizeable 

 

FIG. 1. Sesbania javanica growing successfully in deep water illustrates the  
contribution of stem hypertrophy and adventitious root formation to 

flooding tolerance. Both swollen stem and roots are rich in internal gas-
filled spaces (aerenchyma), a key feature of the many aquatic and 

amphibious species (monochrome image previously 
published in Jackson, 2006) 

assemblage of growth habits, physiological attributes and 
degrees of flooding tolerance arising as constitutive features 
and/or as the outcome of phenotypic plasticity revealed 
through adaptive plant/environment interactions. This 
fascinating myriad of solutions to different degrees of flooding 
stress (e.g. seasonally fluctuating water tables, spasmodic 
flooding, riverine flooding, standing, stagnant or flowing 
water) is at the centre of much of the work discussed in this 
Special Issue. It is based on papers presented at the 9th 
Conference of the International Society for Plant Anaerobiosis, 
entitled Molecular, Physiological and Ecological Adaptations 
to Flooded Conditions by Crops and Native Plants, and an 
integrated workshop Improvement of Plant Performance for 
Sustainable Agricultural Development of Wetlands, which was 
generously supported by the Organization for Economic Co-
operation and Development (OECD). The research described 
is often driven by botanical curiosity generated by interest in 
the many varied and elegant solutions to plant survival in an 
excess of water. Such studies, especially into the cell biology of 
metabolic regulation in oxygen deficient cells also have relevance 
to mesophytic species (adapted to neither a very dry nor a very 
wet environment). This arises because the mere assemblage 
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of cells to form the familiar tissues and organs of vascular 

plants imposes flooding-like stresses on more centrally posi-

tioned parts by virtue of slowed gas exchange brought 

about by the tightly packed surrounding (water-filled) 

cells and their propensity for consuming incoming oxygen 

(Berry and Norris, 1949; Geigenberger, 2003). Research 

on flooded plants is also fostered by the imperative to 

improve cereal production [most notably in rice (see Fig. 2) 

and wheat] and to manage flood-prone ecosystems, 

such as that of the Amazonian rain forest where certain 

parts are flooded annually to a depth of several metres for 

weeks or months. 

SUMMARY OF TOPICS CONTAINED IN THIS  

SPECIAL ISSUE 

The Special Issue opens appropriately with a paper on evol-

utionary events that gave rise to the present-day structures 

of the Sub1 locus of chromosome 9 of domesticated 

rice (Oryza sativa; Fukao et al., 2009). This locus is 

notable because the paralogous genes it  contains 

code for ethylene-response factors (ERFs) that influence 

the vigour of the elongation response to submergence by 

various organs of the shoot. Suppressing the vigour of this 

reaction can confer an agriculturally useful increase in 

tolerance to short-term submergence by rice by virtue of the 

energy and respirable resources it saves. Direct DNA 

sequence comparisons suggest that, to generate plants 

where underwater shoot extension is suppressed, one of these 

genes duplicated early in domestication of the indica 

subspecies. Subsequent nucleotide divergence of the 

regions outside of the DNA binding domain of the new 

paralog gave rise to an allele that can confer submergence 

tolerance. Farmers in Orissa (India) and Sri Lanka 

unwittingly selected for the retention of this mutation while 

seeking submergence-tolerant types for use in their frequently 

flooded fields. Septiningsih et al. (2009) illustrate how the 

tolerance-conferring form of the Sub1 gene may be 

introduced into modern rice cultivars toiincrease 

increase

 

FIG. 2. Deepwater rice is widely grown in the low valley of the Prachinburi 

River, central Thailand. The photograph shows rice growing in approximately 2 

m of water at the Prachinburi Rice Research Center, Bureau of Rice Research and 

Development, Rice Department, Bansang, Prachinburi, Thailand, where the 

crop is conveniently managed from a small boat.| 

their tolerance to short-term (days) submergence, thereby 
making them more suitable for use in flood-prone, rainfed 
lowlands of Asia. Work in West Africa too indicates that a 
suppression of underwater elongation, brought about by 
the mutated form of Sub 1A, is beneficial for the endurance 
of complete submergence (Kawano et al., 2009). 
However, closely related work by Sakagami et al. (2009) 
emphasizes that this trait is not appropriate when selecting 
and breeding cultivars of O. sativa or O. glaberrima for 
resilience to longer-term submergence in West Africa. 
Under these circumstances, a vigorous ethylene-mediated 
underwater elongation response by leaves is needed to 
return leaves to air-contact and full photosynthetic activity. 

The agricultural importance of rice and its multifaceted 
capability for growth in the humid tropics where, from 
time to time, monsoon rains create near-aquatic environments, 
has encouraged detailed studies on the biochemistry and 
physiology of seed germination and early seedling 
development. Magneschi and Perata (2009) review a large 
literature on the biochemical attributes that explain the 
remarkable ability of rice to germinate anaerobically and to 
elongate its emerging coleoptile in the absence of oxygen. 
Seed germination in anaerobic flooded nursery beds or in 
directly-seeded fields is inevitably associated with 
suppression or inhibition of other aspects of early seedling 
establishment, such as root and leaf emergence, vigour and 
survival rate. Ismail et al. (2009) report that some 
cultivars suffer less than others in these regards. These 
authors highlight features such as a more effective use of 
starch reserves through faster amylase activity and anaerobic 
respiration that help overcome the negative impact of a lack 
of oxygen during germination and early seedling 
establishment. Once rooted into flooded soil, the rice plant 
continues to face a number of challenges. These include a 
severe limitation to the concentrations of readily available, 
soluble forms of phosphorus (P) in the soil, particularly 
if the soil undergoes flooding and drainage with 
resulting changes in redox conditions, as it will do under 
rainfed conditions. Cultivars with an enhanced capability 
to take up P under such conditions would therefore be 
desirable agronomically. Although Huguenin-Elie et al. 
(2009) were unable to identify such cultivars from 
amongst six appropriately chosen lowland lines, they did 
find evidence that rice roots extract soil P by means of a 
solubilizing action on otherwise unavailable sources in the 
soil. As shown by the extensive studies in India and 
Australia by Setter and colleagues (Setter et al., 2009), 
amounts of accessible, soluble elements in flooded soil 
are also relevant to the damage to wheat (Triticum 
aestivum) caused by soil waterlogging. In this case, the 
interaction between the chemically highly reducing flooded 
soil (low redox potential) enhances availability or 
deficiency of Mn, Fe, Na, Al or B. Such interactions are 
shown to be overriding determinants of how severely a 
crop is injured by waterlogging, while highly localized 
differences in the availability of these elements explains 
much variability in the amount of damage waterlogging 
causes between sites. These findings represent a major 
challenge to the breeding of tolerant cultivars since 
these will need to embrace the local differences in soil 
type. One such local circumstance is where 
waterlogging is combined with salinity. A way forward 
to developing wheat with improved tolerance of this  
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combination is to hybridize it to a related wild species (wide 
hybridization) such as Hordeum marinum, which grows natu-
rally in wet saline conditions. Malik et al. (2009) have recog-
nized this as a promising approach and report detailed 
physiological analysis of 17 H. marinum accessions. Their 
work reveals the existence of several lines with outstanding 
salinity/waterlogging tolerance. The tolerance is associated 
with a notable capacity to exclude potentially toxic Na

+
 

and Cl ֿ from O2-deficient saline surroundings, making 
these lines promising material for future hybridization with 
wheat. 

A major feature of flooding stress is the deprivation of 
oxygen it imposes, especially for roots and other underground 
organs. Describing and understanding the metabolic conse-
quences of this and ways in which a degree of tolerance to 
it is achieved is a long-standing research topic. Cytoplasmic 
reactions are at the heart of anaerobic survival, not least 
because enzymes needed to process sugars through 
glycolysis and fermentation are mostly cytoplasmic. The 
subsequent collapse of anaerobic cells is often attributed to 
damaged pH regulation causing] lethal acidification of 
cytoplasm. In vivo nuclear magnetic 

31
P resonance 

spectroscopy (NMR) is a sensitive and non-destructive means 
of estimating shifts in cytoplasmic pH, but its usefulness can 
be limited by lack of Pi signal strength or a poorly resolved 
signal. A significant technological advance is reported by 
Couldwell et al. (2009) who find that using methyl 
phosphonate as an NMR probe overcomes these problems 
to a significant extent. Their tests of the technique included 
examining the impact of genetic transformations that reduced 
the levels of lactate dehydrogenase in potato tubers (Solanum 
tuberosum) and increased expression of pyruvate 
decarboxylase in leaves of tobacco (Nicotiana tabacum). 
Although both enzymes can be expected to influence pH 
through effects on lactic acid formation, no effects were 
discernible. These findings have important implications for 
the well-known pH-stat hypothesis of acid regulation in 
plant cells. Studies of anaerobic responses have long included 
studies of mitochondria (e.g. Vartapetian and Andreeva, 1986) 
since it is here that the steps generating ATP by oxidation of 
hexose-derived NADH are to be found. The conventional 
view is that this can only take place if sufficient oxygen is 
present for the final oxidation. However, Igamberdiev and 
Hill (2009) put forward evidence that nitrite can substitute 
for oxygen at the terminal cytochrome oxidase step, thereby 
allowing electron transport to proceed, to a degree, anaerobi-
cally. They suggest that the nitric oxide generated by the reac-
tion is prevented from inhibiting further electron transfers to 
nitrite by reacting instead with haemoglobin. 

It has been known for 20 years that a period of partial 
oxygen shortage can induce changes to the biochemistry and 
patterns of gene expression that enhance tolerance of sub-
sequent anaerobiosis, especially in roots (Saglio et al., 1988). 
The significance of mild hypoxia for adaptation to oxygen 
deprivation is expanded and developed by van Dongen et al. 
(2009). Their metabolic and transcript analyses emphasize 
the contribution of a self-regulated slowing of respiratory 
demand for oxygen that partial oxygen shortage can induce. 
This effect goes some way to realigning demand for oxygen 
to a slower inward flux of oxygen into respiring cells of the 
root apex. It is associated with a rapid decrease in the 

accumulation of transcripts of numerous  genes coding for 
energy-consuming processes while favouring increased 
levels of transcripts from seven other genes (including a 
haemoglobin gene) thought to help cells function with little 
or no oxygen. 

A major challenge for plant physiologists is to incorporate 
knowledge of the biochemistry, molecular biology and bio-
physics of cells and organs to understand the abilities of the 
whole plant to withstand flooding stresses and associated 
oxygen shortages in the soil. In this way, new questions 
requiring a more reductionist approach to their solution can 
be opened up. W. Armstrong et al. (2009) ask the 
deceptively simple question of how far oxygen 
concentrations need to fall before aerobic respiration is first 
slowed. They explore reasons for the large discrepancy 
between the very small concentrations required to reduce 
cytochrome oxidase-mediated oxygen consumption in 
mitochondria and the much larger concentrations external to 
the root that have this same effect. They find the whole-plant 
approach especially powerful, minimizing artefacts of 
wounding and water penetration and allowing O2 to enter the 
roots from the shoot via the gas-space system, as would 
naturally occur with roots in O2-deficient soil. Aided by 
mathematical modelling, they conclude that respiratory 
decline begins only when mitochondria at the stelar centre, 
and farthest from the O2 source, fall below the critical 02 
pressure for cytochrome oxidase activity (approx. 1 kPa). 
Peria-Fronteras et al. (2009) also take a whole-plant 
approach in seeking characteristics of Cyperus rotundus that 
make its lowland ecotype a troublesome invasive weed of 
flooded rice fields. They highlight the contribution of the 
tubers and an ability to generate respirable sugar from their 
ample carbohydrate stores. The ability of Tecticornia 
pergranulata to tolerate complete submergence in saline 
water is examined on a whole-plant basis by Colmer et al. 
(2009). Once more, the handling of carbohydrate reserves is 
highlighted. Respirable reserves are seemingly conserved 
through a prompt arrest of expansion growth when the 
conserved energy source is harnessed to exclude sodium 
ions, thereby maintaining a healthy K

+
:Na

+
 ratio. Studies of 

root-to-shoot communication inevitably require 
experimental methods that embrace whole plants. Else et al. 
(2009) report on the root-to-shoot signalling that enables 
roots of waterlogged tomato plants (Solanum lycopersicum) 
to induce prompt stomatal closure. The adaptive significance 
of this phenomenon is that it reduces the probability of 
injury to leaves from dehydration at a time when oxygen 
shortage in the roots increases their resistance to water entry 
from the soil. Adjustments to the water relations of shoot 
tissues is also the subject of the paper by Ooume et al. 
(2009), who use elongating azuki bean epicotyls (Vigna 
angularis) to identify whether increased wall constraints or 
decreased osmotic forces are responsible for the suppression 
of cell expansion resulting from a few hours submergence. 
The results point to decreases in ATP restricting the uptake 
of osmolites. This, in turn, is seen to cause a decline in 
cellular hydrostatic pressure and a slowing of growth despite 
a lessening of cell wall rigidity. 

Ecologists are concerned to explain the relative success 

or failure of plant populations in relation to the extent and 

frequency of flooding and to the additional problems this 

may bring along, such as pollutants. Such work harnesses 

and extends the  findings of cell biology and whole-plant 
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physiology to probe the effectiveness of presumed 
adaptations in conferring flooding tolerance in the real 
world. The damage that pollution can inflict on tolerance to 
flooding of otherwise well-adapted species is clearly 
illustrated by the work of J. Armstrong et al. (2009) on 
Phragmites australis. This shows how oil from 
contaminated flood water can displace surface gas films on 
submerged parts, penetrate the leaves, leaf sheaths and 
nodes, and interfere with the internal diffusive and 
convective gas flows that sustain inundated organs such as 
roots and rhizomes. Ecologically orientated research can 
also help predict the impact of planned changes to landscape 
management, such as re-introducing natural flooding of 
riverine areas as a means of tempering the severity of 
flooding further downstream. Banach et al. (2009) have 
embarked on such work in relation to the flora of the Rhine 
delta in The Netherlands. They concentrate on the impact of 
total plant submergence of varying durations on 19 species 
in laboratory tests. As expected from their relatively slow 
rates of underwater leaf extension and other characteristics, 
species that frequent areas presently protected from 
flooding are more severely damaged by submergence than 
those found in frequently flooded river forelands. Clearly, 
these species would suffer a severe set-back if 
widespread flooding were to be re-introduced. A more 
narrowly directed ecological question would be to ask if 
there is an experimentally demonstrable causal link 
between the probability of surviving submergence and the 
much-studied ethylene-mediated acceleration to petiole 
elongation that submergence can induce in numerous 
aquatic and amphibious species. Pierik et al. (2009) 
address this by comparing species of Rumex with and 
without the capacity for accelerated underwater petiole 
elongation. They find that securing re-emergence by this 
means is, alone, not sufficient to rescue the plant's ability to 
gain dry mass. A functional interconnected aerenchyma is 
thought to be the key additional component that is 
required. In a wider context, Parolin (2009) assesses the 
known characteristics of representatives from over 1000 
tree species of the Amazonian rain forest that tolerate a 
range of flooding intensities that recur each year as the 
river system floods millions of hectares of forest. 
Remarkably, up to 150 species tolerate >180 d deep 
flooding per year and many can preserve green and potentially 
functioning leaves for weeks or months while totally sub-
merged in the dark, despite the warm tropical 
temperatures. The mechanisms explaining this 
remarkable tolerance are only just starting to be revealed 
but this astonishing phenomenon is, in principle, 
reminiscent of previous reports of the ability of certain 
arctic populations of herbaceous species such as Poa 
alpina and Saxifraga tomentosa to tolerate anoxia-
inducing ice encasement. Laboratory tests have shown 
these plants retain their green leaves and resume 
growing after up to 3 weeks in the dark without oxygen at 
warm temperatures (Crawford et al., 1994). Only arctic popu-
lations of these species exhibit this trait since plants 
collected from more southerly sites are not anoxia tolerant. 
Thus, it is not only inter-species differences that confer 

adaptive traits; intra-species differences are also effective, 
suggesting recent evolutionary origins. This may well apply 
to populations of white clover (Trifolium repens) commonly 
found in temperate grassland of northern Europe. Huber et al. 
(2009) report the presence of considerable intra-species 
variation in flooding tolerance in white clover. They link 
these differences in tolerance to morphological characters 
commonly thought to improve flooding tolerance, such as 
inducible secondary root formation, aerenchyma 
development and fast petiole extension. They also assess 
whether their constitutive expression or their inducible 
expression relates better to flooding tolerance. Their 
analysis points to the importance of constitutively expressed 
characteristics. 

LITERATURE CITED 

Angiosperm Phylogeny Group. 2003. An update of the Angiosperm Phylogeny 

Group classification for the orders and families of flowering plants: APG II. 
Botanical Journal of the Linnean Society 141: 399-436. 

Armstrong J, Keep R, Armstrong W. 2009. Effects of oil on internal gas transport, 

radial oxygen loss, gas films and bud growth in Phragmites australis. Annals of 

Botany 103: 333-340. 

Armstrong W, Webb T, Darwent M, Beckett PM. 2009. Measuring and interpreting 
respiratory critical oxygen pressures in roots. Annals of Botany 103: 281-293. 

Ayres P. 2008. The aliveness of plants: the Darwins at the dawn of plant science. London: 

Pickering & Chatto. 
Banach K, Banach AM, Lamers LPM, et al. 2009. Differences in flooding tolerance 

between species from two wetland habitats with contrasting hydrology: 

implications for vegetation development in future floodwater retention areas. 
Annals of Botany 103: 341-351. 

Beerling D. 2007. The emerald planet. How plants changed Earth's history. Oxford: 

Oxford University Press. 

Berry LJ, Norris WE. 1949. Studies of onion root respiration. 1. Velocity of oxygen 

consumption in different segments of root at different temperatures as a function 

of partial pressure of oxygen. Biochimica et Biophysica Acta 3: 593-606. 
Braendle R, Crawford RMM. 1999. Plants as amphibians. Perspectives in Plant 

Ecology, Evolution and Systematics 2/1: 56-78. 

Colmer TD, Vos H, Pedersen 0. 2009. Tolerance of combined submergence and 
salinity in the halophytic stem-succulent Tecticornia pergranulata. Annals of 

Botany 103: 303-312. 

Cook CDK. 1999. The number and kinds of embryo-bearing plants which have 
become aquatic: a survey. Perspectives in Plant Ecology, Evolution and Systematics 

2/1: 79-102. 

Couldwell DL, Dunford R, Kruger NJ, Lloyd DC, Ratcliffe RG, Smith AMO. 2009. 
Response of cytoplasmic pH to anoxia in plant tissues with altered activities of 

fermentation enzymes: application of methyl phosphonate as an NMR pH 

probe. Annals of Botany 103: 249-258. 
Crawford RMM, Chapman HM, Hodge H. 1994. Anoxia tolerance in high arctic 

vegetation. Arctic and Alpine Research 26: 308-312. 

Darwin CR. 1859. On the origin of species by means of natural selection, or the 

preservation of favoured races in the struggle for life, 1st edn. London: John Murray. 

An online version is available at http:www. talkorigins.org/faqs/origin.html. 

Darwin CR. 1880. The power of movement in plants. London: John Murray. An online 
version is available at http://manybooks.net/titles/darwinche-

text04pwmvp11.html. 

Darwin F. 1899. The botanical work of Darwin. Annals of Botany 13 (old 
series): x-xix. 

van Dongen JT, Frohlich A, Ramirez-Aguilar SJ, et al. 2009. Transcript and 

metabolite profiling of the adaptive response to mild decreases in oxygen 
concentration in the roots of arabidopsis plants. Annals of Botany 103: 269-280. 

Eble CF, Pierce BS, Grady WC. 2003. Palynology, petrography and geochemistry of 

the Sewickley coal bed (Monongahela Group, Late Pennsylvanian), Northern 
Appalachian Basin, USA. International Journal of Coal Geology 55: 187-204. 

Else MA, Janowiak F, Atkinson CJ, Jackson MB. 2009. Root signals and stomatal 

closure in relation to photosynthesis, chlorophyll a fluorescence and adventitious 
rooting of flooded tomato plants. Annals of Botany 103: 313-323. 

http://talkorigins.org/faqs/origin.html.
http://manybooks.net/titles/darwinche-text04pwmvp11.html.
http://manybooks.net/titles/darwinche-text04pwmvp11.html.


68 

Friis E, Pedersen MKR, Crane PR. 2001. Fossil evidence of water lilies in 
the Early Cretaceous. Nature 410: 357-360. 

Fukao T, Harris T, Bailey-Serres J. 2009. Evolutionary analysis of the Sub] 
gene cluster that confers submergence tolerance to domesticated rice. 
Annals of Botany 103: 143-150. 

Geigenberger P. 2003. Response of plant metabolism to too little oxygen. 
Current Opinion in Plant Biology 6: 247-256. 

Huber H, Jacobs E, Visser EJW. 2009. Variation in flooding-induced mor-
phological traits in natural populations of white clover (Trifolium 
repens) and their effects on plant performance during soil flooding. 
Annals of Botany 103: 377-386. 

Huguenin-Elie 0, Kirk GJD, Frossard E. 2009. The effects of water regime 
on phosphorus responses of rainfed lowland rice cultivars. Annals of 
Botany 103: 211-220. 

Igamberdiev AU, Hill RD. 2009. Plant mitochondrial function during anae-
robiosis. Annals of Botany 103: 259-268. 

Ismail AM, Ella ES, Vergara GV, Mackill DJ. 2009. Mechanisms associated 

with tolerance to flooding during germination and early seedling 
growth in rice (Oryza sativa). Annals of Botany 103: 197-209. 

Jackson MB. 2006. Plant survival in wet environments: resilience and escape 
mediated by shoot systems. In: Bobbink R, Beltman B, Verhoeven JTA, 
Whigham DF. eds. Wetlands: functioning, biodiversity, 
conservation and restoration. Berlin: Springer-Verlag, 16-36. 

Jackson MB. 2008. Ethylene-promoted elongation: an adaptation to 
submergence stress. Annals of Botany 101: 229-248. 

Justin SHF, Armstrong W. 1987. Anatomical characteristics of roots and 
plant response to soil flooding. New Phytologist 105: 465-495. 

Kawano N, Ito 0, Sakagami J-I. 2009. Morphological and physiological 
responses of rice seedlings to complete submergence (flash flooding). 
Annals of Botany 103: 161 -169. 

Magneschi L, Perata P. 2009. Rice germination and seedling growth in the 
absence of oxygen. Annals of Botany 103: 189-196. 

Malik AI, English JP, Colmer TD. 2009. Tolerance of Hordeum marinum 

accessions to O2 deficiency, salinity and these stresses combined. 
Annals of Botany 103: 237-248. 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

 
 

 

 
 

 
 

 

 
 

 

 
 

Ooume K, Inoue Y, Soga K, et al. 2009. Cellular basis of growth 
suppression by submergence in azuki bean epicotyls. Annals of Botany 

103: 325-332. 

Parolin P. 2009. Submerged in darkness: adaptations to prolonged submerg-
ence by woody species of the Amazonian floodplains. Annals of Botany 

103: 359-376. 
Peiia-Fronteras JT, Villalobos MC, Baltazar AM, Merca FE, Ismail AM, 

Johnson DE. 2009. Adaptation to flooding in upland and lowland 
ecotypes of Cyperus rotundus, a troublesome sedge weed of rice: tuber 
morphology and carbohydrate metabolism. Annals of Botany 103: 
295-302. 

Pierik R, van Aken JM, Voesenek LACJ. 2009. Is elongation-induced leaf 

emergence beneficial for submerged Rumex species? Annals of 
Botany 103: 353-357. 

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 Physiology 86: 61-66. 

Sakagami J-I, Joho Y, Ito 0. 2009. Contrasting physiological responses by 

cultivars of Oryza sativa and 0. glaberrima to prolonged submergence. 

Annals of Botany 103: 171-180. 

Sculthorpe CD. 1967. The biology of aquatic plants. London: Edward 

Arnold.  
Septiningsih EM, Pamplona AM, Sanchez DL, et al. 2009. Development of 

submergence-tolerant rice cultivars: the Sub] locus and beyond. Annals 

of Botany 103: 151-160. 
Setter TL, Waters I, Sharma SK, et al. 2009. Review of wheat improvement 

for waterlogging tolerance in Australia and India: the importance of anae-
robiosis and element toxicities associated with different soils. Annals of 
Botany 103: 221-235. 

Soukup LE, Seago JL Jr, Votrubova 0. 2005. Developmental anatomy of 
the root cortex of the basal monocotyledon, Acorus calamus (Acorales, 
Acoraceae). Annals of Botany 96: 379-385. 

Vartapetian BB, Andreeva IN. 1986. Mitochondrial ultrastructure of three 
hygrophyte species at anoxia and in anoxic glucose supplement. 
Journal of Experimental Botany 37: 685-692. 

Wilson K. 1978. The origin of the Annals of Botany. Annals of Botany 42: 
741-745. 



 69 
 

Plants and flooding stress 
 

Pierdomenico Perata
l
*, William Armstrong

2,3
 and Laurentius A. C. J. Voesenek

4 

1
PlantLab, Scuola Superiore Sant'Anna, Via Mariscoglio 34, 1-56124 Pisa, Italy; 

2
Department of Biological Sciences, University of Hull,

 

Kingston upon Hull, HU67RX, UK; 
3
School of Plant Biology, Faculty of Natural and Agricultural Sciences, The University 

Western Australia, 35 Stirling Highway, Crawley, WA 6009, Australia; 
4
Plant Ecophysiology, Institute of Environmental Biology, 

Utrecht University, Padualaan 8, 3584 CH Utrecht, the Netherlands.  

Commentary 

Floods early this year in Queensland, Australia, received a 

great deal of attention in the media because they affected a 

land area the size of Germany and France combined. 

However, on a world scale this is not exceptional as in some 

years the land area exposed to flooding is > 17 million km2, 

equal to twice the size of the USA. These dramatic floods 

occur in all continents of our planet and result in annual 

damage costs of > $80 billion (http://floodobservatory. 

colorado.edu/). 

Many wild plant species and nearly all crops are intolerant to 

these floods and thus excessive water will affect the natural 

patterns of plant distribution and biodiversity (Silvertown et 

al., 1999) and have a devastating impact on crop growth and 

survival and thus on food production (Normile, 2008). 

Flooding is a compound stress composed of interacting 

changes inside plant cells induced by the flood water 

surrounding the plant. The concentrations of oxygen (O2), 

CO2, reactive oxygen species (ROS) and ethylene change 

upon flooding and can occur in various combinations, as 

determined by the flooding regime. 

'It is a challenge for the future to extend this network 

knowledge to realistic outdoor conditions...' 

Plants are either intolerant to flooding and therefore are 

excluded from flood-prone habitats, or they are tolerant. 

The latter group can be divided into plants that: exploit a 

so-called escape strategy based on a suite of (inducible) mor-

phological and anatomical traits allowing re-aeration of 

flooded tissues; or those that adopt a quiescence strategy 

composed of traits that conserve the use of energy and 

carbohydrates to prolong underwater survival (Bailey-Serres 

Voesenek, 2008; Colmer & Voesenek, 2009). 
The International Society for Plant Anaerobiosis (ISPA; 

http://www.is-pa.org/) organizes a conference every 3 years to 

bring together scientists with expertise in flooding research. 

The 10th ISPA Conference was held in Volterra, Italy, from 20 

to 25 June 2010, with > 100 participants from 15 countries in 

attendance. Much progress has been made in recent years, as 

was evidenced by the lively discussion and debate at the 

conference and now also in published form, in this  Special  

 

 

Issue of New Phytologist. In this Commentary we introduce and 

outline the collection of reviews, forum articles and original 

research papers that make up the Special Issue. 

Genetic variation and plant responses to submergence 

It is a grand challenge to unravel the molecular mechanisms and 

the physiological processes that regulate complex flood-adaptive 

networks. However, this is fundamental to enable us to 

understand the patterns of plant distribution and 

abundance in natural flood-prone communities and to 

improve flood tolerance in economically important crops. 

For the first time in flooding research, Vashisht et al. (pp. 

299-310) exploited the natural variation in flooding tolerance 

of Arabidopsis thaliana. To this end, 86 accessions were 

submerged in complete darkness and the results 

demonstrated considerable genetic variation in flooding 

tolerance. Interestingly, flooding tolerance in Arabidopsis was 

negatively correlated to petiole growth under water, but was not 

related to the initial amounts of starch and soluble sugars. 

Anatomical adaptations to submergence 

Plants are obligate aerobic organisms and thus depend on O2 to 

grow and compete successfully with neighbouring plants in 

natural environments. For those plant species which live in 

environments that restrict direct uptake of O2 from the 

environment (e.g. wetlands) enlarged gas-filled air spaces 

(aerenchyma), which are longitudinally interconnected, facilitate 

internal gas diffusion. Aerenchyma not only improve gas diffusion 

between and inside plant organs, they also conserve oxygen by 

reducing respiratory demand per unit volume. Furthermore, 

aerenchyma facilitate the escape of CO2, ethylene and other 

potentially harmful volatile products. 

In fully or partially submerged plants, aerenchyma, whilst still 

essential, may not alone be sufficient to ensure the necessary O2 

supplies because O2 transfer from water to shoot and CO2 

acquisition for underwater photosynthesis can be greatly 

impeded by the low solubility of O2 and the slow diffusion of 

these gases in water compared with diffusion in air. Three 

papers in this issue embrace the supplementary role that 

underwater photosynthesis contributes to O2 and/or 

respiratory substrate supply. In part, the carbon source for 

this photosynthesis may be sediment and root system CO2 

transported upwards via the aerenchyma. The O2 generated, 

because it cannot escape readily into water,

New Phytologist. Vol. 190, 269-273, 2011 
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raises internal concentrations and enhances the supply to 

roots and to the rhizosphere. Rich et al. (pp. 311-319) 

demonstrate, for the first time, that photosynthetic activity 

within free-floating flood-induced aquatic roots may confer 

substantial benefits to plants by providing significant carbon 

fixation and O2 evolution during daylight. This will con- 

serve substrate and, together with the O2 generated, might 

aid survival of some sediment-borne roots. Sediment- 

sourced CO2 is the major carbon supply for some 

submerged isoetid-type plants, and the O2 generated is the 

major source for root and rhizosphere aeration, However, 

for Lobelia dortmanna, Moller & Sand-Jensen (pp. 320- 

331) reveal this to be a delicate balance sustained only in 

oligotrophic conditions. They show chat even mild eutro- 

phication of the sediments can intensify and prolong 

night-time anoxia in the roots, leading to plant death and 

ecosystem degeneration. Higher than atmospheric concen- 

trations of O2 in the leaves are also characteristic of 

submerged isoetid plants in the light, and although benefi- 

cial for root and rhizosphere aeration, this can reduce 

photosynthetic efficiency by increased phocorespiration. 

Pedersen et al. (pp. 332-339) elegantly show, for the first 

time, how crassulacean acid metabolism (CAM) in Isoetes 

australis enables higher rates of underwater net photosyn- 

thesis over wide ranges of O2 and CO2 concentrations in 

floodwaters, via increased CO2 fixation and suppression of 

phocorespiration. 

The lack of secondary aerenchyma formation is a major 

reason for flood intolerance among ‘woody dicots’ (Justin 

& Armstrong, 1987). Teakle et al. (pp. 340-350) report on 

rapid development of aerenchymacous phellem in the 

hypocotyls and roots of the salt-tolerant forage species 

Melilotus siculus and confirm it as a functioning path for 

root aeration. This, and studies on soybean (Thomas et al., 

2005; Shimamura et al., 2010), open up the exciting possi- 

bility of breeding flood tolerance into other economically 

important legumes. 

Rajhi et al. (pp. 351-368) studied aerenchyma forma- 

tion-associated genes expressed in maize roots by laser 

micro-dissection coupled with microarray analysis. The 

authors used 1-methylcyclopropene (1-MCP), an ethylene 

perception inhibitor, to manipulate ethylene signalling, 

known co play a crucial role in aerenchyma formation. The 

genes identified as differentially expressed during aeren- 

chyma formation included genes related to calcium 

signalling, cell wall loosening and degradation, and for 

generating or scavenging ROS. Reactive oxygen species may 

actually be important players in aerenchyma formation. In 

their article, Steffens et al. (pp. 369-378) demonstrated 

that the ethylene-releasing compound, ethephon, promotes 

ROS production and that hydrogen peroxide (H2O2) pro- 

motes aerenchyma formation. Genetic down-regulation of 

an H2O2 scavenger enhanced aerenchyma formation and, 

altogether,  these  data  led  the  authors  to  conclude  that  ROS 

mediate aerenchyma formation in rice (Steffens et al., pp. 

369-378). 

Some wetland plants facilitate below-ground ventilation 

by pressurized gas-flow. This can supply O2 and vent other 

gases much more rapidly than diffusion and confer a 

competitive advantage. Reports in this issue extend our 

knowledge of the range of species that function in this way. 

Konnerup et al. (pp. 379-386) provide evidence of such 

flows in a range of tropical species. Armstrong & 

Armstrong (pp. 387-397) detected significant and some- 

times high flow rates in four out of nine Equisetum species 

studied, and identify the reasons why flows are or are not 

generated within the genus. 

The anaerobic nature of sediments and carbon inputs 

from roots and decaying organic matter make some wet- 

lands major emitters of methane (CH4). Much of the CH4 

passes through the plants before escaping to the atmo- 

sphere; however, radial O2 loss from roots to sediment can 

support methanotrophy. Net CH4 efflux reflects the balance 

among sediment methanogenesis, diffusive resistances in 

the system and methanotrophy. A detailed study by Fritz 

et al. (pp. 398-408) reveals that, in at least one ecosystem, 

the high-level Patagonian bogs, deep-rooting cushion plants 

can severely curtail CH4 emission by thorough soil and 

CH4 oxidation. 

 

Escape from submergence 

Aerenchyma formation is an important plant trait for improv- 

ing mainly waterlogging tolerance. However, it interacts 

strongly with another trait, which becomes relevant when 

entire plants are covered with water. Under these extreme 

submergence conditions, escape through fast shoot elong- 

ation becomes a fitness-improving trait that allows leaves to 

restore gas exchange with the atmosphere (Voesenek et al., 

2004). However, emergence through fast shoot elongation 

requires functional aerenchyma to aerate organs that are still 

submerged when leaf tips hit the water surface (Pierik et al., 

2009). The paper of Chen et al. (pp. 409-420) describes 

the results of a study on the fitness consequences of vari- 

ation in Hooding-induced shoot elongation in Rumex 

palustris. To this end, plants from populations with fast and 

slow shoot-elongation rates were exposed to different 

flooding regimes. Emergence under prolonged Hooding 

improved fitness expressed as biomass, whereas slow elong- 

ation rates under water during frequent, short-lasting Hoods 

resulted in a higher biomass, indicating that costs are 

involved in underwater shoot elongation. Buried curious of 

Potamogeton distinctus have the remarkable capacity to 

germinate and elongate stems in the complete absence of 

O2. This underwater elongation response does not depend 

on ethylene and requires active glycolysis and fermentation 

to fuel the required cell elongation. Koizumi et al. (pp. 

421-430)   demonstrate   that    upon   anoxia     the   activity  of 
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plasma membrane H+-ATPase is increased in stems of P. 

disctinctus. The stimulated extrusion of protons induced by 

anoxia results in acidification of the apoplast, often seen as a 

prerequisite for cell wall loosening, and it helps to prevent 

cytoplasmic acidosis. 

Physiological and molecular aspects of plant 
anaerobiosis 

Recent suggestions of a sensor-controlled down-regulation of 

respiration in plant tissues at O2 concentrations orders of 

magnitude higher than the critical O2 pressure for isolated 

protoplasts and mitochondria, and based on observations of a 

steady concentration-dependent decline in the respiration of 

root segments below 240 μM O2 in respirometer media, are 

challenged by Armstrong & Beckett (2011a; pp. 431441). 

They show that stelar tissues can be already severely hypoxic in 

an air-saturated respirometer medium. Subsequent respiratory 

decline is attributed to the radial spread of severe hypoxia with 

declining respirometer [O2]. 

The mechanism(s) by which stress induced by low [O2] is 

perceived in plants is still largely unknown (Licausi & Perata, 

2009). Hypoxia-responsive transcription factors (TFs) represent a 

starting point with which to investigate the regulation of the 

hypoxic response, and Licausi et al. (pp. 442-456) provide a 

comprehensive analysis and identification of hypoxia-

modulated transcripts coding for TFs in hypoxic roots of 

Arabidopsis. Interestingly, it appears that under anoxia an 

additional set of TFs is induced, suggesting that partly distinct 

signalling pathways operate under either hypoxia or anoxia. 

In the context of transcriptomic adjustments in response to 

submergence in Arabidopsis roots and shoots, Lee et al. (pp. 

457-471) identified a set of genes that were ubiquitously co-

regulated by submergence and O2 deprivation. The 

biological functions of these included signalling, transcription 

and anaerobic energy metabolism, but HYPOXIA 

RESPONSIVE UNKNOWN PROTEIN (HUP) genes 

comprised many of the co-regulated transcripts. Interestingly, 

seven HUP mutants were significantly altered in submer-

gence tolerance, suggesting that poorly characterized proteins 

may provide new opportunities for phenotype manipulation 

under hypoxic conditions. 

Plant tolerance to low [O2] varies dramatically between 

species, suggesting the existence of distinct, species-specific 

molecular mechanisms of plant adaptation to hypoxia. 

Narsai et al. (pp. 472-487) analysed the versatility of 

primary metabolism in response to hypoxia by comparing 

nine previously published metabolome profiling studies. 

Activation of the fermentative metabolism, together with 

the accumulation of alanine and succinate, were observed in all 

species, suggesting that this occurs independently of the degree 

of tolerance. Transcriptional regulation of these metabolic 

pathways, however, varied, suggesting that this may account  

 

 

 

for the different species tolerance. Alternatively, tolerance 

may rely on genes that have no orthologues or were not 

affected in the different species (Narsai et al., pp. 472-487). 

Anaerobiosis in algae 

Besides plants, the green alga Chlamydomonas reinhardtii was 

a protagonist at the 10th ISPA Conference. This model organism 

attracts increasing interest because of its ability to produce 

hydrogen when grown under anoxia. Its ability to synthesize 

hydrogen, if a way were found to harness it, could 

potentially revolutionize the renewable energies market (Lee 

et al., 2010). The fact that anoxia is required to induce hydrogen 

production in Chlamydomonas results in increased interest in 

the fermentative metabolism of this organism. In their review 

article, Grossman et al. (pp. 279288) describe the 

fermentation pathways operating in Chlamydomonas, its 

ability to produce molecular hydrogen under anoxic conditions 

through the activity of hydrogenases, and the molecular 

flexibility associated with fermentative metabolism. A 

peculiar day: night fluctuation in the expression of genes that 

are believed to be induced by anoxia was discovered by 

Whitney et al. (pp. 488-498). They concluded that the 

regulation of the anaerobic gene expression in 

Chlamydomonas is only partly explained by responses to low 

[O2], and that the cell cycle and light : dark cycles are equally 

important elements in the regulatory network regulating 

anaerobic gene expression. 

Crops and flooding 

Many crops are sensitive to waterlogging and complete 

submergence. Just a few days of flooding can damage plants 

and will result in significant agricultural losses. It is therefore 

highly relevant to understand the traits that improve flooding 

tolerance, and the genes and proteins underlying these traits. 

Owing to the global nature of flooding and the serious threat 

that floods will occur more often in the near future, it is to be 

expected that more knowledge on flooding tolerance will 

facilitate strongly the development of flood-tolerant crop 

varieties that can grow and yield on marginal, flood-prone land. 

The paper of Malik et al. (pp. 499-508) shows that 

hybridization of wheat with Hordeum marinum, a 

waterlogging-tolerant wild relative, improves waterlogging 

tolerance of wheat. These amphiploids, in contrast to 

wheat, have more dry mass, a higher porosity in adventitious 

roots and develop a barrier to prevent radial O2 loss of roots 

upon waterlogging. 

The review paper of Shabala (pp. 289-298) argues that the 

traditional approach of plant breeding for waterlogging tolerance, 

based on field assessment of a range of agronomic and 

morpholical traits, should be redirected towards a physio-

logical approach that targets specific cellular mechanisms.  
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This may include mechanisms, such as the activity of 

plasma membrane transporters, which make plants tolerant to 

phytotoxins. 

Concluding remarks and future challenges 

A great variety of topics is discussed in this Special Issue, 

ranging from natural variation and molecular regulation of 

flooding tolerance, to in-depth studies on the physiology of 

specific adaptive features, such as aerenchyma, underwater 

photosynthesis and underwater escape. Furthermore, several 

papers dealt with the importance of certain plant traits in 

breeding flood-tolerant crops, and novel contributions were 

presented on the green alga C. reinhardtii. This broad range of 

topics illustrates the vivid character of the field of flooding 

research, as highlighted by the lively debates at the 

conference in Volterra and in the literature on the dampening 

of respiration rates at an [O2] higher than the critical O2 

pressure (see Armstrong & Beckett, 2011b; pp. 276-278 and pp. 

431-441, and Nikoloski & van Dongen, pp. 273-276). 

Recently, the hypothesis was launched that flood-

adaptive traits are probably not regulated in isolation, but are part 

of a network with conserved components such as hormones, 

starch-degradation enzymes, fermentation enzymes, growth 

machinery and scavenging mechanisms for ROS. It is the 

specificity of the flooding regime that selects the most 

appropriate balance in such a network (Bailey-Serres & 

Voesenek, 2010). It is a challenge for the future to extend this 

network knowledge to realistic outdoor conditions, because, to 

date, most of the experiments have been conducted under 

controlled laboratory conditions. We should aim to include the 

ecological complexity in our future flooding experiments to shed 

more light on the environment—plant interaction in relation to 

flooding tolerance. 

Furthermore, flooding stress should be seen as a compound 

stress composed of several underlying changes in substances 

such as ethylene, CO2, O2, ROS and phytotoxins inside plants 

and from without. The changes in these substances are strongly 

controlled by the type of flooding (e.g. turbid vs light) and by 

the organ (root vs shoot). It is to be expected that natural 

selection is acting on these underlying components and not on 

the so-called compound stress. If true this would suggest that we 

should expose plant organs not only to flooding treatments but 

also to isolated substances and to specific combinations of 

substances to understand better how flooding tolerance is 

regulated. 
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Abstract—This review attempted to follow the establishment of a novel branch of  biology arisen at the interfaces 
between plant physiology, biochemistry, and molecular biology— plant anaerobic stress. Most attention was given to 
the early period of these investigations, the activity of the members of International Society for Plant Anaerobiosis in 
particular, and the contribution of Russian scientists, who played a significant role at that time in the establishment and 
international recognition of this new trend. In this connection, the following points are considered: (1) Crawford's 
metabolic theory, which could not withstand experimental verification but induced an active discussion, thus stimulating 
further investigations in this field; (2) a concept of two main strategies of plant adaptation to anaerobic stress (true and 
apparent adaptation), which was put forward based on the following experimental data: (a) a discovery of a paradoxical 
phenomenon of hyper-sensitivity, but not hyper-resistance to anoxia, of the flood-tolerant plant roots ("apparent" 
tolerance); (b) the elucidation of the physiological role of oxygen transported from aerated organs of flood-tolerant plants to 

the roots inhabiting anaerobic environment; (c) demonstration of the key role of both energy metabolism, and (d) 

substrate providing for glycolysis and ethanolic fermentation in plants manifesting "true" tolerance to oxygen deprivation; 

(3) the discovery of plant stress proteins; and finally (4) pH-stat theory put forward by Davies. 

Key words: adaptation - anaerobiosis - hypoxia - anoxia - proteins - true and apparent tolerance - pH-stat -ecology 

 

I N T R O D U C T I O N  

 

Investigation of plant ecological stresses is one of the keen 

topics of modern biology. An increased interest to this field is 

explained also by its close contact with applied aspects of 

ecology, protection of environment, and the economy of many 

countries. This paper is devoted to one of the widely spread 

ecological stresses, that is, the life of higher plants, which are aer-

obic organisms, under conditions of oxygen deficiency (hypoxia) 

or its complete absence (anoxia) from the environment. 

Plants experience anaerobic stress most often on flooded [1] 
and compact [2] soils, which occupy vast areas in various 

countries. Oxygen deficiency on wetlands arises due to its low 

solubility and low diffusion rate in water [3, 4]. Most often, 

hypoxia and anoxia damage plant seeds and roots. Winter 

cereals and perennial plants in northern regions and in the zone of 

moderate climate experience severe hypoxia during autumn and 

winter because of the formation of the ice crust on the surfaces of 

plants and soil, which is essentially impermeable for gases [5]. 

 

Abbreviation: ADH—alcohol dehydrogenase. 

 

In some years, this phenomenon results in a mass plant 

death. Root hypoxia and anoxia often arise in the southern 

regions, due to irrigation in particular, because irrigation water 

replaces the most part of oxygen from soil, whereas remained 

oxygen is consumed rapidly by soil micro-flora and roots. Rice, 

one of the most important crops in the world agriculture, is 

cultivated predoMinantly on flooded anaerobic soils [6]. 

However, when rice is grown under severe climatic conditions of 

Russia or in tropical regions with monsoon climate, where soil 

and even plants can be submerged for a long time, the seedlings of 

such flood-tolerant plant adapted to flooding perish [7]. 

Nevertheless, many plant species, wild types predominantly, 

acquired during evolution a capability of temporal or even 

continuous inhabiting anaerobic soils [8-10]. Rice is 

distinguished among crops: its seeds can germinate even under 

strict anoxia, and adult plants are grown predominantly on 

flooded anaerobic soils. 

Strangely enough, that, until the 1970s of the last century, 

little attention was paid to the investigation of hypoxia and 

a n o x i a   o f    h i g h e r    p l a n t s    i n    s p i t e    o f    o b v i o u s  
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Table 1. International symposia and conferences organized by the ISPA members 

No. Year Country Organizers 

1 1975 USSR (XII Int. Bot. Congr.) B.B. Vartapetian 

2 1985 USSR—UNESCO B.B. Vartapetian 

3 1985 United Kingdom R.M.M. Crawford 

4 1986 United States D.D. Hook 

5 1987 Switzerland R. Brandle 

6 1992 Iceland—UNESCO B.E. Gudleifsson 

7 1992 United Kingdom—NATO M.B. Jackson, C.B. Black 

8 1993 Japan (XV Int. Bot. Congr.) M.B. Jackson 

9 1994 United Kingdom R.M.M. Crawford 

10 1995 Finland S. Pulli, B.V. Fagerstedt 

11 1995 United Kingdom M.B. Jackson 

12 1998 United States T.T. Van Toai 

13 1999 United States (XVI Int. Bot. Congr.) J.L. Seago, W. Armstrong 

14 2001 The Netherlands—Green Cross L.A.C.J. Voesenek, E.J.W. Visser, M.B. Jackson, C.W.P.M. Blom 

15 2004 Australia T.D. Colmer, H. Greenway, T.L. Setter 

16 2007 Japan (preparing) K. Ishizawa  
 
 
importance of this topic. Until recently, no special 
monograph was published; corresponding themes were 
absent from the programs of international conferences and 
national meetings. The first international symposium on 
plant anaerobic stress, which was a turning point in the 
development of this field of knowledge, was organized 
only in 1975 by Russian scientists in the framework of XII 
International Botanical Congress in Leningrad. A small 
group of speakers, engaged at that ti-me in the study of 
plant anaerobiosis, was invited to participate in this 
symposium. Later, the first monograph on plant anaerobic 
stress Plant Life in Anaerobic Environment [8] was 
published based on these talks. The monograph provoked 
an interest in wide scientific circles. Corresponding 
references appeared in the leading scientific journals [11-
13]. In 1980, the monograph second edition was printed. 

The first symposium and the first monograph on plant 
anaerobiosis have played an important role in 
consolidation of few experts in this field and stimulated the 
appearance of new research teams and centers engaged 
in this science branch in various countries; new contacts 
arose between specialists, including cooperative research 
and joint publications. 

The participants of the first symposium initiated the 
foundation of International Society for Plant Anaerobiosis 
(ISPA), and the author of this review was elected as its 
President. In subsequent years, the members of this society 
participated actively in carrying out about 15 
international symposia and conferences in the USSR, 
United Kingdom, United States, Switzerland, Iceland, 
Japan, Finland, the Netherlands, and Australia devoted to 
plant anaerobic stress (Table 1), including those, which  

 
 
 
 

 
 

were hold under aegis of UNESCO, NATO, and 
International Green Cross. 

With time, the composition of participants of these 
meetings expanded markedly. The number of participants 
of the Second ISPA International Symposium on plant 
anaerobic stress, which was hold in Moscow in 1985 and 
financially supported by UNESCO, increased several times 
as compared to the first symposium. Almost 100 
delegates from Europe, Asia, Australia, and North America 
took part in the ISPA conferences in the Netherlands in 2001 
and Australia in 2004. 

An increasing interest to plant anaerobic stress manifested 
not only in the carrying out regular international conferences 
and symposia but also in the number of publications, 
which reached many thousands for last decades. Twelve 
comprehensive monographs and collected papers were 
published mainly due to the efforts of the Society members 
(Table 2). The theme of plant anaerobic stress was included 
in the programs of international botanical (1993, 1999) 
and crop science (1992) congresses. The Society 
members were invited to these meetings as speakers on 
plant anaerobic stress or as organizers of corresponding 
sessions. Various facets of plant anaerobic stress were 
actively discussed in numerous reviews in leading scientific 
journals [14-23] and special monographs [8-10]. For the 
first time, separate sections were devoted to plant anaerobic 
stress in encyclopedia on plant biochemistry [24] and 
physiology [25]. Thus, the first symposium and the first 
monograph have served a basis for the foundation of a new 
scientific society and a new discipline devoted to plant life 
under conditions of hypoxia and anoxia. 



76 

 

 

Table 2. Monographs and collected papers on plant hypoxic and anoxic stresses edited and published by ISPA members. 
 

 
 
The significance of this problem from point of 

view of basic research, applied agronomy, and 
forestry, and its economical and ecological 
importance became commonly recognized. The 
interest to it increased not only among plant 
ecologists, physiologists, and biochemists [8-10] but 
also among molecular biologists and molecular 
geneticists [26-33]. Scientists from various countries 
attempted not only to elucidate the mechanisms of 
plant damage and adaptation under conditions of 
oxygen deficiency but also to create plant organisms 
more flood-tolerant to anaerobic stress. Thus, along 
with traditional directions of plant ecological 
physiology and biochemistry related to drought, 
high- and low-temperature, water, and salt stresses, a 
novel biological discipline considering plant life 
under conditions of hypoxia and anoxia, appeared 
and received an international recognition. 

Most of higher plants, crops especially, are 
sensitive to oxygen deficiency in ambient medium at 
the developmental stages of seed germination, 
seedlings, and adult plants. As distinct from plant 
species continuously living under oxygen 
deficiency, these aerobic plants exhibit injuries and 
even perish at oxygen deprivation. 

For explaining the mechanisms of plant 
adaptation and the causes of their damage and death 
under conditions of oxygen deficiency, at least three 
concepts were suggested for the past 30 years; they 
became a subject of experimental verification and 
vivid discussion. 

Among these concepts, we should primarily point 
to the studies by Robert Crawford formulated a 
widely known metabolic theory of plant adaptation 
and damage under anoxic stress [34-36] and the 
alternative concept developed at the same time in 
our studies [37-43]. 

Although Crawford's theory was initially put 
forward based on the investigation of root 
metabolism in flood-tolerant and intolerant plants, 
later it was applied also to anoxia-sensitive and 
anoxia-resistant seeds, that is, a universal 
mechanism was suggested for plant damage and 
adaptation under low-oxygen stress. According to 
this theory, a decisive factor of plant tolerance to 
anaerobic stress was an organ-specific behavior in 
relation to ethanolic fermentation: ethanol 
accumulates in the cells of sensitive but not flood-
tolerant species, and toxic ethanol concentrations 
result in plant death. 

In contrast, according to our concept, there is no 
universal mechanism of plant adaptation to 
anaerobic environment. Instead, two main strategies 
of such adaptation are in operation, which are 
realized either at the whole plant level due to oxygen 
transport from aerated plant parts to organs located 
in anaerobic medium (it is an avoidance strategy or 
apparent tolerance) or at the molecular level by a 
critical rearrangement of metabolism under 
deficiency or complete absence of oxygen (true 
tolerance). In the last case, as it has been demon-
strated in our studies [42,43], energy metabolism 
plays a key role in plant adaptation, i.e., cell supply 
with a substrate for the maintenance of active 
glycolysis and ethanolic fermentation. 

Finally, a significant event with far-reaching 
consequences for the development of   studies  in the  
field  of plant anaerobic  stress  was  the   
appearance  of the theory of pH-stat under 
anaerobiosis, which was put forward by Davies et al. 
[24, 44] and then developed by other 
researchers using an NMR   technique  [45-55]. 
According  to  this  concept, cytoplasm   
acidification  is  a  principal  cause of 
intolerant plant death under extreme anaerobic 

No. Year Title, Publishing house Editors 

1 1978, 
1980 

Plant Life in Anaerobic Environments, 
Ann Arbor, Michigan: Ann Arbor Science, 1st and 2nd editions 

D.D. Hook, R.M.M. Crawford 

2 1984 Flooding and Plant Growth, London: Acad. Press T.T. Kozlovski 

3 1987 Plant Life in Aquatic and Amphibious Habitats, Oxford: Blackwell R.M.M. Crawford 

4 1988 The Ecology and Management of Wetlands, London: Croom Helm D.D. Hook et al. 

5 1991 Plant Life under Oxygen Deprivation, The Hague: SPB Academic M.B. Jackson, D.D. Davies, H. 
Lambers 

6 1993 Interacting Stresses on Plants in a Changing Climate, NATO ASI series, 
Berlin: Springer-Verlag 

M.B. Jackson, C.R. Black 

7 1994 Oxygen and Environmental Stress in Plants, Edinburgh: Proc. Royal 
Soc., Ser. B, vol. 102 

R.M.M. Crawford, G.A.F. Hendry, 
B.A. Goodman 

8 1994 Special Section of Annals of Botany, vol. 74 M.B. Jackson 

9 1997 Special Issue of Annals of Botany, vol. 79 M.B. Jackson 

10 2002 Special Section of Annals of Botany,  vol. 90 N. Smirnoff 

11 2003 Special Issue of Annals of Botany,  vol. 91 E. Visser, L.A.C.J. Voesenek, M.B. 
Jackson 

12 2003 Special Issue of Russ. Journal of Plant Physiol., dedicated to the 25th 
Anniversary of ISPA,  vol. 50, no. 6 

B.B. Vartapetian 
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conditions, whereas the control of cytoplasmic pH plays 
a crucial role in the adaptation of flood-tolerant plants to 
hypoxia and anoxia. 

These concepts will be considered in detail below. This 
review, being devoted mainly to the initial period of the 
novel scientific direction development, attracts especial 
attention to some pioneering studies of Russian 
researchers, in particular concerning the experimental 
confirmation of the concept of two principal strategies of 
plant adaptation to anaerobic stress because their 
contribution was not reflected in other reviews published 
during the last decade. A considerable advance in this field 
of science, which was attained at the later period, and the 
current state of our knowledge will be considered in our 
next publication. 

CRAWFORD'S METABOLIC THEORY 

The most bright event during the early period of systemic 
investigations of plant anaerobiosis was, as it was 
aforementioned, a widely known so-called metabolic theory 
of plant damage and adaptation under anaerobic stress, 
which was put forward by the British researcher R. 
Crawford [34-36]. This theory was based mainly on 
comparative studies of root metabolism in wild flood-
tolerant and intolerant plants and germinating seeds of 
plants differing in their sensitivity to oxygen deprivation. 
The guiding principles were the more attractive because 
they gave a definite answer (at the molecular level with the 
indication of precise biochemical reactions and even 
enzymes involved) to both central questions concerning the 
reasons of plant damage and death under anaerobic stress 
and the mechanisms of their adaptation. A universal 
mechanism was suggested for adaptation of flood-tolerant 
species and damage to sensitive ones under hypoxic and 
anoxic conditions. This theory became widely known and 
received a support [56-60]. It was vividly discussed in 
publications of the author himself and other researchers. 
For this reason, the attention of readers will be drawn 
only to basic positions of this theory, without details, 
because a further development of research in this novel 
branch of science in some laboratories, including our 
electron-microscopic examinations (see below) had a direct 
relation to this theory. 

Crawford performed experiments with roots and seeds 
of numerous plant species differing in their resistance to soil 
anaerobiosis. In particular, he studied the accumulation of 
end products of glycolysis and fermentation in roots and 
seeds and the activities of corresponding enzymes, including 
alcohol dehydrogenase (ADH), under anaerobic conditions. 
From his experiments, Crawford drew two major 
conclusions. (1) The roots of flood-tolerant plants 
inhabiting waterlogged soils manifest an improved tolerance 
to anaerobic stress, which is based on specific biochemical 
properties of root cells [34-36]. Some earlier studies 
performed by other researchers with detached roots of 
flood-tolerant and intolerant plants seem to support this  

 

statement. It was in particular shown that the roots of such 
flood-tolerant plants as Scripus sylvaticus and Glyceria 
aquatica, which inhabit flooded anaerobic soils, could 
tolerate 6- or 7-day-long anoxia, whereas the roots of 
intolerant plants, potato and kidney bean, perished as soon 
as after 24 h of anaerobiosis [61]. 

(2) The cause for damage to intolerant plants under 
oxygen deficiency is their self-poisoning by the end 
product of glycolysis and ethanolic fermentation (ethanol), 
which accumulates only in roots and seeds of intolerant 
plants. Only in these sensitive plants, the rates of 
glycolysis and ethanolic fermentation increase under 
anaerobiosis because of ADH activation, whereas, in 
flood-tolerant plant, ADH activity is not increased but, in 
contrast, reduced, resulting in the suppression of ethanol 
accumulation. Thus, Crawford's metabolic theory seems to 
present a fine explanation for the causes of plant damage 
under oxygen deprivation and molecular mechanisms of 
plant adaptation to this stressful factor. 

The essence of Crawford's theory is reemphasized 
because it was widely accepted for some years, actively 
discussed by experts, and stimulated an experimental study 
aimed at its verification, although it collapsed later. On 
the other hand, a brief consideration of this theory gives 
the reader a notion about the state of our knowledge in the 
1970s and the progress achieved during subsequent 
period. 

CONCEPT OF TWO PRINCIPAL STRATEGIES  
OF PLANT ADAPTATION TO ANAEROBIC  

STRESS ("APPARENT" AND "TRUE"  
TOLERANCE) AND A KEY ROLE  

OF ENERGY METABOLISM 

At the same time when Crawford's metabolic theory 
received a wide distribution, we put forward an alternative 
concept about two main strategies of adaptation to anaerobic 
stress (apparent and true tolerance) and a key role of energy 
and carbohydrate metabolism in the resistance to oxygen 
deprivation [41, 43, 63]. We based on electron-microscopic 
studies of roots of flood-tolerant and intolerant plants [37-
40, 42, 62] and germinating rice seeds under 
anaerobiosis and normoxia [43, 63], and polarographic 
investigations of oxygen long-distance transport in flood-
tolerant and intolerant plants [37, 38, 43, 62, 64-66]. Our 
concept contradicted to principal statements of Crawford' 
metabolic theory. An important event was also our 
discovery of the synthesis of specific stress polypeptides 
(anaerobic proteins) under anoxic conditions [67]. 
Expression of stress proteins was later detected not only 
under anaerobic stress but also in all other extreme 
ecological situations (high and low temperatures, water 
and salt stresses, etc.). In further studies, a functional role 
of anaerobic proteins was demonstrated, the phenomenon 
of plant hypoxic acclimation was discovered, and the 
formation of aerenchyma and oxygen transport from 
aerated plant parts to the organs located in oxygen-free 
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environment were studied in detail. These experiments 
supported substantially and induced the further devel-
opment of the concept about two main strategies of plant 
adaptation to anaerobic stress. Below we consider in more 
detail the results of our experiments underlying this new 
concept and its principal positions. 

Avoidance of Anaerobiosis at the Whole Plant Level  
or the Strategy of Apparent Tolerance to Anoxia 

Hyper-sensitivity of the roots of flood-tolerant plants 
to oxygen deprivation. Our electron-microscopic 
examinations revealed a paradoxical phenomenon: the 
ultrastructure of mitochondria and other cell organelles in 
the detached roots of flood-tolerant rice (Oryza sativa) 
plants turned out to be more sensitive to the absence of 
oxygen than in the roots of intolerant pumpkin (Cucurbita 
pepo) plants [38-42, 68]. Thus, destructive changes were 
observed in rice roots after 4-6 h of anaerobic incubation at 
20°C but after 6-10 h of anaerobiosis in pumpkin roots. 

It is worth mentioning that, in these early experiments, 
we found two essential facts, which were later confirmed by 
other researchers. Firstly, organ sensitivity to oxygen 
deficiency was shown to depend markedly on ambient 
temperature. Thus, mitochondria' destruction in rice 
roots occurred at 32 and 42°C after 60 and 15 min, 
respectively [68]. Later we demonstrated that, at low 
temperature (10°C), even 2- or 3-day-long incubation 
under anaerobic conditions did not result in the destruction 
of mitochondria and other organelles [69]. A considerable 
enhancement of anoxic damaging effects at elevated 
temperature was confirmed by Barclay and Crawford 
[70]: pea seedlings perished after 3 days of anaerobic 
incubation at 25°C but remained essentially undamaged at 
5 and 10°C. 

Secondly, these experiments showed that roots, 
which experience oxygen deficiency more frequently than 
aboveground organs and should seemingly evolve more 
perfect molecular mechanisms providing for their tolerance to 
anaerobic stress, strangely, turned out to be more sensitive to 
oxygen deficiency than aboveground organs [43]. 

Later, we observed a high sensitivity of the mito-
chondria' ultrastructure to oxygen deficiency in the roots 
of some wild plant species inhabiting flooded soils [71-
73]. The results of these investigations permitted us to 
conclude that the capability of these plants of inhabiting 
flooded soils is explained not by a high resistance of root 
cells to hypoxia and anoxia and not by some peculiarities 
of their metabolism, as it was supposed by Crawford [34-
36], but by their continuous supply with oxygen transported 
from aerated aboveground organs [39-41, 62, 71]. Thus, this 
is a manifestation of apparent but not true root tolerance. 

Conclusions we drew from our electron-micro-
scopic observations were verified thoroughly by Webb 
and Armstrong [74] in physiological experiments with  

 

 

 

the roots of rice, pea, and pumpkin. These authors 
applied another criterion of tolerance, i.e., they examined 
root capability of growing after anaerobic treatment. They 
supported our conclusion that a high tolerance of roots to 
anoxia is only an illusion. 

A high sensitivity to oxygen deficiency in the roots of 
flood-tolerant plants was demonstrated also in biochemical 
investigations by Ap Rees et al. [75, 76]. They studied 
protein synthesis in the roots of Glyceria maxima 
inhabiting flooded soils and intolerant Pisum sativum 
grown on dry soils. These researchers concluded that 
protein synthesis in pea roots was less sensitive to hypoxia 
than that in G. maxima [75]. 

In connection with these observations, the results of our 
later studies [72, 73] are of interest. We found that, as 
distinct from the roots of plant species intolerant to oxygen 
deficiency (pumpkin, cotton, and kidney bean), feeding of 
the roots of wild plants, continuously living on flooded 
anaerobic soils, with glucose did not essentially improve 
their tolerance to anaerobic stress. These paradoxical results 
indicate that the roots of wild flood-tolerant plants did not 
develop during their evolution more perfect mechanisms 
of adaptation to anaerobic stress than intolerant plant roots 
because they are sufficiently provided with oxygen 
transported from the aboveground organs. These notions 
permit understanding why ADH is not induced by 
anaerobiosis in the roots of flood-tolerant in contrast to 
intolerants species as Crawford et al. indicated [34-36]. 
Thus, based on our data on a high sensitivity of the root 
cells in flood-tolerant plants to oxygen deprivation and the 
absence of the protective effect of exogenous glucose on 
these roots, we made conclusions opposite to that 
formulated by the author of metabolic theory. Firstly, the 
roots of flood-tolerant plants do not manifest an improved 
resistance to anoxia. Secondly, adaptation of flood-tolerant 
plants occurs not at the molecular level due to some 
specific rearrangement of root metabolism, as it was stated 
by Crawford, but at the whole plant level, due to oxygen 
transport from aerated plant organs to those located in 
anaerobic medium [39, 40]. Thus, we meet here not active 
root-cell adaptation to oxygen deficiency but anaerobiosis 
avoidance, i.e., apparent but not true tolerance to anoxia 
[41]. This statement, as it will be obvious from the 
following section, was directly supported by polarographic 
measurements of oxygen transport from the aboveground 
organs of both flood-tolerant and intolerant plants [37, 38, 
43, 62, 64-66]. It was shown that, as distinct from intolerant 
plants (mesophytes), in flood-tolerant plants inhabiting 
flooded soils, transported oxygen not only provides for the 
aerobic conditions in roots but also is released into the 
rhizosphere and oxidizes toxic for plants reduced iron 
(Fe

2+
), manganese (Mn

2+
), hydrogen sulphide, and organic 

compounds accumulating in soil under anaerobiosis [3, 4]. 
The anatomy of flood-tolerant plants (the presence of large 
air-filled spaces (aerenchyma)) facili tates an 
easy oxygen transport from aerated organs [20, 
77], its more  economical consumption, and  also  
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makes possible a counter flux of volatile compounds, 
including CO2 and CH4, to ambient atmosphere. Methane 
produced in anaerobic soils, on rice fields in particular, is 
one of the main greenhouse gases affecting the climate of 
our planet [78]. 

Long-distance oxygen transport in flood-tolerant and 
intolerant plants. The mechanisms of aerenchyma formation 
and current knowledge of oxygen translocation from 
aboveground organs are discussed in detail in numerous 
publications [18, 20, 65, 77, 79, 80]. Early results obtained 
by Armstrong and his coworkers by polarographic 
technique and by mathematical simulation are 
considered in numerous comprehensive reviews of 
these authors [20, 64, 81] and well known. That is why our 
own results obtained by polarographic technique and by 
other methodological approaches (chemoluminescence, 
electron microscopy, and inhibitory analysis) will be 
discussed here, the more so because, as a rule, 
Armstrong did not consider our results in his reviews. In-
between, our data obtained by polarographic and electron-
microscopic techniques were first published in Russian 
scientific journals [37, 38, 62] and then summarized in 
the well-known monograph printed in the United States by 
Hook and Crawford as editors [43]. They supported greatly 
our concept about two principal strategies of plant adapta-
tion to anaerobic stress, anaerobiosis avoidance due to long-
distance oxygen transport (apparent tolerance) in particular. 
In this connection, it should be reminded that as early as in 
1964, simultaneously two publications appeared, that by 
Armstrong [82] and Vartapetian [83], presenting the results 
of polarographic measurements of long-distance oxygen 
transport from aboveground organs to roots. Armstrong 
[82] studied wild swamp plants and showed that oxygen 
transported from aboveground organs can then diffuse 
from roots outside. Vartapetian [83] worked with pumpkin 
plants, growing on dry soils, and did not detect oxygen 
transport and diffusion from roots to the rhizosphere. 

In these and subsequent experiments, we used oxygen 
electrodes to measure the time-course of oxygen 
consumption from the nutrient solution by detached 
pumpkin and cotton roots and by the roots of intact plants 
[83-87]. It was supposed that, when oxygen transported 
from aboveground organs played a substantial role in root 
respiration, this would affect the rate of oxygen uptake from 
the rhizosphere. If the aboveground oxygen source was 
removed, oxygen uptake by detached roots should seemingly 
be markedly accelerated. However, numerous experiments 
performed with 10-20-dayold pumpkin and 24- and 30-day-
old cotton plants showed that the rates of oxygen uptake by the 
roots of intact plants and detached roots after the removal of 
aboveground organs were essentially similar. In both cases, the 
ambient solution was soon completely deprived of oxygen. 
These results permitted a conclusion that the proportion of 
oxygen transported from aboveground organs was insignifi-
cant in comparison with oxygen requirement of the roots of 
mesophytes tested. The results of similar experiments 
performed with rice plants were substantially different [37,  

 

38, 43, 62]. Even long-term incubation of the roots of 30-
day-old rice plants in the pre-aerated solution did not result 
in a sharp decrease of the oxygen content in the solution 
or roots. When, after 24-h incubation of roots in the 
solution, oxygen was completely removed from it with 
gaseous nitrogen flow, oxygen content in roots remained 
high. However, when nitrogen bubbling was ceased, 
oxygen appeared in the solution again. Since in these 
experiments, oxygen diffusion across the solution surface 
was preliminarily excluded, oxygen could appear in the 
solution only due to its transport from the aboveground 
organs to roots. In fact, when rice aboveground organs 
were removed, oxygen disappeared completely from both 
the roots and solution. The results of these direct 
measurements of oxygen inflow from aboveground 
organs to rice roots [37, 38, 43, 62] are in a good agreement 
with conclusions drawn from our electron-microscopic 
examination of the roots of rice and other hydrophytes 
[39, 40, 68]. 

Usage of chemiluminescence technique to evaluate the 
role of transported oxygen. The conclusions drawn from 
polarographic studies concerning the role of transported 
oxygen in mesophytes were supported by experiments on 
chemoluminescence of the roots of 4-5-day-old 
pumpkin seedlings placed in anaerobic medium [88, 89]. 
In these experiments, root luminescence was a criterion of 
oxygen transport. The phenomenon of ultraweak 
luminescence of biological organisms due to peroxidation 
of membrane lipids is detected only in the presence of 
oxygen in medium. In the absence of oxygen, 
luminescence ceased. When we placed the roots of intact 
pumpkin plants into the solution while remaining the 
aboveground organs in the air, root luminescence 
weakened rapidly when gaseous nitrogen replaced 
oxygen in the solution. Luminescence disappeared after 
the complete removal of oxygen from the root surrounding. 
These results, in correspondence with the above 
polarographic ones, showed that the amount of 
transported oxygen in pumpkin plants was insignificant in 
comparison with normal root requirement for oxygen 
because oxygen transported from the aboveground organs 
could not provide root chemoluminescence. 

Ultrastructure of anaembically incubated roots. In order 
to investigate the role of oxygen transported from 
aboveground organs to roots, we also used electron 
microscopy [68, 90, 91] to observe the root-cell ultra-
structure, predominantly mitochondrial ultrastructure, under 
root anaerobiosis. In numerous studies of the cell 
ultrastructure of various isolated plant organs, including 
roots, we demonstrated that, under anaerobic conditions, 
mitochondria manifested a high sensitivity to oxygen 
deprivation in medium (see following section). Under 
anoxia, mitochondrial membranes were subjected to 
some characteristic destructive changes (swelling, 
the loss of cristae); at longer anoxia, mitochondria 
degraded completely. Such nonadaptive changes 
occurred in anoxia-sensitive plant cells and tis -  
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sues. In addition, some nondestructive, adaptive 
changes of mitochondrial membranes could occur, 
which were not accompanied by their subsequent deg-
radation. Elongated mitochondria appeared with parallel 
cristae, and sometimes the mitochondria] reticulum was 
produced. Such ultrastructural changes were observed 
in the cells of plant organs flood-tolerant to anaerobic stress 
or in anoxia-sensitive organs of plants, when glycolysis and 
fermentation were stimulated by feeding with exogenous 
glucose under anaerobic conditions. In experiments with 
pumpkin and cotton plants, we demonstrated that, under 
conditions of root anaerobiosis in both the intact and 
detached roots, destructive changes and after longer root 
anaerobiosis, an irreversal degradation of mitochondria] 
membranes occurred. However, as distinct from 
anaerobically incubated detached pumpkin roots [68], 
where mitochondria destruction was observed as soon as 
after 5-10 h of anaerobic incubation, noticeable destructive 
changes in mitochondria] membranes in the roots of intact 
pumpkin and cotton plants occurred under much more pro-
longed root anaerobiosis [90, 91]. Thus, when the intact roots 
of 45-day-old pumpkin plants and 24-30-day-old cotton 
plants were incubated under anaerobic conditions while 
their aboveground organs were aerated, a destruction of 
mitochondria in roots was observed only after 50 and more 
hours of anoxia. These results may be interpreted in two 
ways. On the one hand, it is possible to assume that the 
presence of aboveground organs in intact plants provides 
roots to some degree with oxygen, maintaining their 
activity for a definite time. On the other hand, detached 
roots devoid of assimilate supply might perish because of 
substrate exhaustion. Our numerous experiments 
demonstrating cell death because of substrate starvation 
under anaerobiosis favor the second notion (see next 
sections). Artificial cell supply with a substrate by their 
treatment with glucose can substantially improve 
tolerance of the cell ultrastructure in detached roots 
under conditions of strict anoxia. Therefore, in further 
experiments we attempted to quantify oxygen 
transported from aboveground organs to roots and the 
possibility of assimilate transport from aerated shoots to 
anaerobicatty incubated roots. The results of these 
experiments might seemingly clarify the 
aforementioned hypotheses. 

Quantification of oxygen transported from the 
aboveground organs to anaerobically incubated intact rots 
of mesophytes. Quantification of oxygen transported from 
aboveground organs met considerable technical 
difficulties since oxygen moving from shoots is consumed 
by respiring root cells in the course of its diffusion into 
intercellular spaces. In order to prevent this consaption and 
facilitate oxygen transport from roots into the rhizosphere, 
where it can be easily measured using an oxygen electrode, 
we suppressed root respiration by pretreatment with the 
inhibitors of cytochrome oxidise and alternative cyanide-
resistant oxidase [92, 93]. Experiments demonstrated that, 
after such   pretreatment, the roots actually released oxygen  

 

 

 

 

 

to the ambient medium, where it can be quantified with an 
oxygen electrode, and the values may be compared with 
root behavior under normoxia. The calculations performed 
for 14-day-old cotton plants kept at 27°C showed that the pro-
portion of oxygen from the aboveground organs comprised only 
7% of normal root demand for oxygen [92, 93]. It is clear that 
such a low oxygen supply from aerated plant parts cannot 
provide for normal growth of anaerobically incubated 
roots of these mesophytes. This conclusion agrees well 
with the results of other researchers, who showed that the 
length of roots of maize (mesophyte) seedlings did not 
exceed 10 cm under anaerobic conditions [94]. The 
aforementioned value (7%) varies considerably as 
dependent on plant species and age, and on temperature 
in root zone. At elevated temperatures, when the rate of 
root respiration enhances, the proportion of transported 
oxygen decreased markedly, whereas at lower 
temperatures, it increased substantially. Thus, at 35°C, it 
was 4.6%, but at 18 and 10°C, it attained 14 and 27%, 
respectively [93]. Even in intact rice plants, where root 
respiratory activity is provided by facilitated oxygen 
transport from shoots along the aerenchyma, roots 
experience oxygen shortage at elevated temperature (32-
33°C) inducing ethanolic fermentation [95]. 

14
C-Sucrose transport from aboveground organs to 

anaerobically incubated roots. Using 
14

C-sucrose, we 
studied the possibility of assimilate transport and the 
amount of assimilates transported from the aboveground 
organs to anaerobically incubated cotton roots [43, 96, 97]. 
14

C-sucrose was applied to leaves, and its transport to roots 
was measured during 9, 27, and 51 h. The roots were 
immersed in the oxygen-free solution. In comparison 
with control plants with roots immersed in the solution 
constantly bubbled with air, assimilate transport into 
anaerobic roots was substantially suppressed, although, 
even after 51 h of anaerobiosis, it was not inhibited 
completely. The inflow of labeled sucrose essentially 
ceased only after 72 and more hours of root anaerobiosis. 
It is of interest that root feeding with glucose (2%) to 
stimulate their energy metabolism re-activated markedly 
14

C-sucrose transport from leaves to roots incubated in 
oxygen-free medium [97]. This indicates an importance of 
energy metabolism for root supply with assimilates and a 
possible role of transported assimilates in improving 
tolerance of the roots of intact plants in comparison 
with detached roots. On the other hand, experiments 
with glucose feeding permitted a conclusion that, under 
prolonged root anaerobiosis, the roots suffer not only from 
oxygen but also from substrate starvation. 

Thus, the above considered experiments, aimed at the 
elucidation of the physiological role of oxygen 
transported from aboveground organs of mesophytes to 
their roots located in anaerobic environment, permitted 
the following conclusions. On the one hand, the propor-
tion of oxygen coming from aboveground organs of 
tested mesophytes, as distinct from the hydrophyte rice, 
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is small and cannot provide sufficient oxygen for aerobic 
conditions in roots, especially at elevated temperatures. 
Oxygen deficiency suppresses markedly energy metabolism 
in roots and thus assimilate transport from shoots to roots. 
Therefore, substrate starvation caused by oxygen 
deficiency-induced suppression of assimilate transport to 
roots inhabiting oxygen-free medium might be also a cause 
of plant damage and death under prolonged root 
anaerobiosis. On the other hand, marked differences 
between detached and intact roots in tolerance to anoxia 
is evidently due to the fact that the roots of intact plants can 
to some degree use oxygen transported from aboveground 
aerated organs. Because of this, the roots of intact plants 
are supplied, although in small amounts, by assimilates 
from leaves even under anaerobic conditions, thus 
improving their tolerance to anoxia as compared to detached 
roots. Both factors (oxygen and assimilate transport) 
evidently contribute to tolerance of the roots of intact plants 
as compared to detached roots. 

Essential results obtained recently by Armstrong and 
his coworkers with a microelectrode for measuring oxygen 
transport as well as the results of investigation of 
aerenchyma formation and its role in oxygen transport will 
be described in our next publication. 

Adaptation at the Molecular Level  
or a Strategy of True Tolerance to Anoxia 

As mentioned above, some plant species can tolerate 
complete absence of oxygen from ambient medium being 
not only at the state of quasi-quiescence but also at the 
state of active life and even rapid growth, that is, they 
manifest the mechanisms of true tolerance to 
anaerobiosis, which is realized at the molecular level. For 
elucidation of mechanisms of such true tolerance to anoxia, 
anaerobically germinating seeds of rice and various 
Echinochloa species as well as rhizomes and shoots of 
some wild plants inhabiting waterlogged soils or water 
bodies were used. Some results obtained in these 
experiments are considered below. 

Anaerobically germinating seeds of Oryza sativa and 
Echinochloa phyllopogon as model systems in the study of 
mechanisms of true tolerance. Like in the case of apparent 
resistance to anaerobiosis, investigations performed with 
rice plants played an important role in the understanding 
of molecular mechanisms of true plant adaptation to 
hypoxia and anoxia. However, in this case germinating 
seeds or aerobically grown seedlings, which were later 
subjected to anaerobic stress, were used but not mature 
rice plants or their roots. 

Along with rice, germinating seeds of some Echi-
nochloa species were used as a model system for studying 
molecular mechanisms of plant adaptation to hypoxia 
and anoxia [98-100]. Seeds and seedlings of these plants 
manifest a prominent capability of germination and growth 
in the complete absence of molecular oxygen from the 
atmosphere, being for example replaced with N2 As 
evident from electron-microscopic and biochemical 
investigations, rice and Echinochloa coleoptiles growing  

 

under strict anoxia for several days preserved intact 
structure and potential functional activity of organelles, 
including mitochondria, which were capable of oxidative 
phosphorylation during post-anaerobic contact with O2 
[42, 101]. During active ethanolic fermentation, the cells 
of coleoptiles of these plants synthesized anaerobic 
proteins [67, 102], nucleic acids [103, 104], saturated 
fatty acids, and lipids [100, 105, 106]. It is of importance 
that the ultrastructure of rice coleoptiles manifested a high 
resistance under condition of secondary anoxia as well, 
when the rice seeds first germinated for 2-6 days under 
normal aerobic conditions and then seedlings were 
transferred to conditions of prolonged strict anoxia [107, 
108]. Even when intact rice seedlings grown aerobically 
were incubated for 5 days and longer under anoxic 
conditions, we could not observe any signs of 
mitochondrial membrane destruction in coleoptiles. 

However, this unusually high resistance of cell ultra-

structure in rice coleoptiles to primary or secondary 

anoxia was lost immediately when the coleoptiles were 

detached from the seeds and seedlings. In this case, even 

relatively short-term anoxia resulted in the destruction 

of mitochondria and other cell organelles and coleoptile 

death [63]. A high resistance of mitochondria and other 

organelles to strict anoxia was restored easily when we 

fed detached coleoptiles with exogenous glucose during 

their anaerobic incubation, i.e., when we imitated a 

substrate supply from the seed. These early observations 

permitted us to conclude that the degradation of 

mitochondria and other cell organelles in detached 

rice coleoptiles resulted not from poisoning with the end 

products of anaerobic metabolism but mainly from the 

absence of storage compounds required for ATP generation 

[63], i.e., from substrate starvation [43]. On the other hand, 

basing on these electron-microscopic examinations, we 

concluded that a phenomenally high resistance of rice 

coleoptiles to anoxia, i,e., their capability of growing in the 

absence of molecular oxygen and maintaining intact 

ultrastructure, mitochondrial structure in particular, occurs 

due to the following capacities of germinating rice seeds. 

Under extreme conditions of anoxia, they can (1) 

mobilize stored compounds of seed endosperm and 

(2) transport them to the growing coleoptile, where (3) 

imported substrates are utilized, supporting high activities 

of glycolysis and fermentation, i.e., ATP generation [63]. 

We repeatedly demonstrated a key role of substrate 

supply for providing energy metabolism during anaerobic 

stress in experiments with detached rice roots and leaves and 

also with pumpkin roots fed with exogenous glucose 

during stress or devoid of such feeding [109-115]. Along 

with these experiments, we performed electron-microscopic 

observations of mitochondrial membrane self-assembly 

under primary anoxia in both anoxia-tolerant [101, 116, 

117] and  anoxia- intolerant [118, 119] plants. 
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These experiments permitted us to conclude that, contrary 
to a common belief [120-123], such membrane self-
assembly and long stabilization could occur in the oxygen-
free medium at expense of extraznitochondrial ATP 
generated in the process of glycolysis [41-43]. 

Thus, experiments with detached organs of flood-
tolerant and intolerant plants fed with exogenous glucose 
during anoxia and those with germinating rice seeds 
demonstrated not only a key role of energy metabolism 
but also an importance of cell supply with substrates for 
fermentation due to mobilization and utilization of stored 
carbohydrates (starch) during plant adaptation to long-term 
anoxia. 

Biochemical studies by Perata et al. [124-128] supported 
much our statements that a high resistance of rice 
seedlings to anoxia and a capability of rice seeds of active 
germination under complete absence of oxygen are 
explained by seed unusual capability of storage 
compounds (starch) mobilization and transport to 
growing coleoptile to maintain continuous processes of 
glycolysis and ATP generation therein [41, 43, 63]. Perata 
et al. showed that a specific Ramy 3D gene was expressed 
during anaerobic rice seed imbibition and germination; 
this gene encodes an isozyme of a-amylase digesting stored 
starch in seeds under anoxic conditions. The synthesis of this 
isozyme was induced by a low sugar concentration in 
anaerobically germinated seeds [128]. Anaerobically 
growing rice seedlings have a capacity to digest stored 
starch in the endosperm and transport the sugars produced to 
the growing coleoptile [124, 127]. These substrates from the 
endosperm maintain continuous glycolysis and coleoptile 
growth. That means that, under anoxia, coleoptiles are fed 
by endogenous sugars. 

Perata et al. also showed that, as distinct from rice 
seeds, in anaerobically imbibed but not germinated seeds 
of wheat and barley, enzymes responsible for 
mobilization of stored starch in the seed endosperm were 
absent or inactive. Therefore, such seeds quickly perished 
under conditions of anaerobic imbibition. However, when 
anaerobically imbibed wheat seeds were fed with glucose or 
sucrose, some germination events were observed in the 
absence of oxygen [124, 127]. 

The role of stored carbohydrates in the rhizome prolonged 
anaerobic survival and a rapid sub-aquatic growth of 
submerged plants. The role of stored carbohydrates and the 
importance of their mobilization for the maintenance of 
cell energy metabolism during plant adaptation to oxygen 
deficiency was also demonstrated by Brӓndle et al. [129-
131] in experiments with rhizomes of plants inhabiting 
flooded anaerobic soils. Rhizomes of these plants could 
tolerate strict anoxia under natural or laboratory conditions 
for several weeks or even months. Moreover, they could 
produce growing shoots under these extreme conditions. 
Rhizomes of most flood-tolerant species capable of 
surviving the long winter anaerobiosis, as distinct from 
rhizomes of intolerant  plants ,  contain a large reserve of  

 

 

carbohydrates (starch), which is mobilized due to the 
activity of α-amylase and used in anaerobic metabolism. 
Rhizomes of plants, which do not contain much stored car-
bohydrates or cannot mobilize them because of low a-
amylase activity, cannot tolerate long anaerobiosis [129, 
131-134]. Similarly, it was shown that mobilization of 
stored carbohydrates provides substrate for 3- to 6-fold 
enhancement of the Pasteur effect and ethanolic 
fermentation, thus permitting an active sub-aquatic 
growth of such semi-submerged wild plants as Potamogeton 
pectinatus and Rumex palustris under conditions of anoxia 
[135-137], and an extremely rapid growth of the stem of 
deep-water rice [138, 139]. A key role of energy 
metabolism in rice seedling tolerance to flooding was 
emphasized in the review by Jackson and Ram [7], who 
summarized the results of studies on the mechanisms of 
such tolerance for various rice species differing in their 
capacity to survive under submergence, which frequently 
occurs in South-Eastern Asia with its monsoon climate. 

The role of carbohydrates in the resistance to 
anoxia of intolerant plant cells. The role of exogenous 
glucose and endogenous carbohydrates stored in seeds in 
the resistance to anoxia was first demonstrated with organs 
of flood-tolerant rice seedlings [63]. Later, it was shown 
for various organs of such intolerant plants as pumpkin, 
wheat, pea, and maize [43, 74, 109, 124, 140, 141]. For 
example, our electron-microscopic examinations 
showed that 5-10-hour-long pumpkin root incubation in 
the absence of oxygen resulted in a noticeable destruction 
of the mitochondrial ultrastructure, whereas, after root 
feeding with glucose, we could not notice any signs of 
mitochondrial degradation even after 72 h of anaerobic 
incubation, although mitochondrial membranes became 
elongated and branched [109]. Protective action of exogenous 
glucose under hypoxia and anoxia was repeatedly confirmed by 
other researchers in experiments with the roots of maize, rice, 
pumpkin, pea, and wheat [74, 140-145]. 

The Induction of Synthesis of Anaerobic Proteins as a  
Protective Mechanism under Anoxia 

Investigations of gene expression encoding anaerobic 
proteins in higher plants under hypoxia and anoxia supported 
additionally the importance of energy metabolism for plant 
adaptation to anaerobic stress. The appearance of 
specific stress (anaerobic) proteins in plants submitted to 
anaerobic stress was demonstrated in 1975 by Maslova, 
Chernyad'eva, and Vartapetyan in experiments on rice 
coleoptiles [67]. In these early studies, a gel 
electrophoresis of rice coleoptile proteins revealed seven 
"anaerobic proteins", which were absent from coleoptiles 
grown in the presence of molecular oxygen, whereas nine 
polypeptides were characteristic only of aerobically grown 
coleoptiles and 22 polypeptides were present in both 
aerobically and anaerobically incubated coleoptiles 
[67]. Anaerobic proteins appeared also when rice 
seedlings were first grown for 6 days under condi- 
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tions of normal aeration and then transferred to anaerobic 
conditions. After seedling returning to aerobic environment, 
anaerobic proteins disappeared. At that time, functions of 
most detected anaerobic proteins were not known, with one 
exception of ADH, the activity of which increased 
sharply with time of rice coleoptile anaerobic incubation 
[67]. This was the first report concerning specific plant stress 
proteins appearing under extreme ecological conditions. 
Later, the induction of stress protein synthesis was 
repeatedly confirmed under various ecological stresses [146, 
147], including anaerobic one [148]. In particular, the 
induction of anaerobic protein synthesis was studied 
thoroughly in the M. Sachs laboratory in experiments 
with the roots of anoxia-intolerant maize plants [148, 
149] and by Kennedy et al. [98-100] in experiments with 
anoxia-tolerant Echinochloa plants. As distinct from our 
experiments [67], in maize root tips [148], de novo 
synthesis of normal, aerobic proteins ceased under anoxia 
conditions and the synthesis of 20 anaerobic stress 
proteins was induced. The results obtained by Mujer et al. 
[150] with an anoxia-tolerant Echinochloa species were dis-
tinct from those obtained for maize roots [148] and cor-
responded to our results with flood-tolerant rice seedlings 
[67]: some electrophoretically separated polypeptides (4-7) 
were characteristic only of aerobically grown plants, 
other polypeptides (9-13) were found only in anaerobic 
seedlings, and the third group of polypeptides were 
present under both aerobic and anaerobic conditions. It 
is worth mentioning that anoxia-intolerant Echinochloa 
species did not produce anaerobic proteins [150]. The 
control of anaerobic protein synthesis at the transcriptional, 
translational, and posttranslational levels is currently 
studied actively [26-33]. Expression of genes responsible 
for the synthesis of anaerobic proteins, predominantly 
the enzymes of glycolysis and ethanolic fermentation, was 
demonstrated under anaerobiosis conditions not only in the 
laboratory experiments but also in natural environment 
during studying of Acorus calamus rhizomes, which 
could be long time under oxygen deficiency during winter 
[151]. 

Of special note is the physiological role of anaerobic 
proteins. Although many anaerobic proteins were not 
identified [54], in the cases when their identification was 
successful, they turned out to be mainly the enzymes of 
glycolysis or ethanolic fermentation, and of related processes 
of carbohydrate metabolism and aerenchyma formation 
[128, 14.6, 147, 152]. This is evidently an adaptive property 
of the plant cell, which was developed in the processes of 
natural and artificial selection. The results of these 
studies support an idea that the enhancement of cell 
energy metabolism plays an important role in plant 
resistance to oxygen stress. The synthesis of anaerobic 
enzymes should facilitate substrate phosphorylation via the 
activation of glycolysis and fermentation when the primary 
mechanism of aerobic cell supply with energy, oxidative 
phosphorylation, is blocked because of oxygen shortage. 
Based on this notions, an attempt was made to improve  

 

plant resistance to anaerobic stress by the artificial 
enhancement of anaerobic glycolysis via the insertion of 
the bacterial gene encoding the enzyme of ethanolic fer-
mentation, pyruvate decarboxylase, into the plant 
genome [153-155]. 

A conclusion about a functional importance of 
anaerobic proteins for plant resistance to hypoxia and 
anoxia was supported by experiments when the synthesis 
of these proteins was blocked. Thus, we demonstrated 
that the inhibition of protein synthesis in rice coleoptiles by 
cycloheximide at the level of translation during their 
anaerobic incubation resulted in a dramatic destabilization of 
the mitochondrial structure and the loss of cell resistance 
to anoxia even in the presence of excess exogenous glucose 
[156]. Similar observations were reported by Subbaiah, 
Bush, and Sachs [157] for maize roots, in which the 
synthesis of anaerobic proteins was suppressed at the 
transcriptional level. In these experiments, root resistance 
to anoxia decreased from 72 to 2 h. 

A discovery of the phenomenon of hypoxic acclimation 
by Canadian scientists Andrews and Pomeroy [5, 158, 
159] and a subsequent active investigation of this 
phenomenon and physiological role of anaerobic proteins 
[22, 54, 141, 142, 149] supported considerably both the 
concept of two main strategies of plant adaptation to 
anaerobic stress and the idea about a key role of energy 
metabolism in plant tolerance to hypoxia and anoxia. These 
issues will be also considered in our next publication. 

pH-STAT THEORY 

Pro and contra of the role of the cytoplasmic pH 
regulation as a universal mechanism of plant adaptation 
to anaerobic conditions. The point of view concerning 
plant adaptation and injury during anaerobic stress, which 
was opposed to the concept of the key role of energy 
metabolism considered above, was expressed in the pH-stat 
theory by Davies—Roberts described in detail in reviews 
[51, 53]. This concept was initially suggested by Davies 
et al. [24, 44], who studied the time-course of lactate and 
ethanol accumulation in cell-free extracts from pea seeds. 
According to this concept, the acidification of the 
cytoplasm during the first phase of anaerobiosis due to 
lactic fermentation results in (1) inhibition of lactate 
dehydrogenase with the optimum functioning at neutral pH 
and (2) activation of pyruvate decarboxylase. As a result, 
switching from lactic to ethanolic fermentation occurs. In 
the organisms that cannot switch to ethanolic 
fermentation, further lactate accumulation leads to 
dropped off cytoplasmic pH and cell death. Later 
studies, using NMR technique, confirmed the pH-stat 
theory [45-55]. In particular, Roberts et al. [45] 
showed an applicability of pH-stat theory for 
explanation of the data obtained in experiments with 
detached maize roots subjected to anaerobic stress. 
The resul ts of experiments when,  using weakly  
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permeating bases and acids, the researchers changed 
the cytoplasmic pH and induced switching one type fer-
mentation to another one [51], also argue for pH-stat 
theory. Thus, according to Davies—Roberts concept, 
cytoplasm acidification induces damage and death of 
intolerant plants, whereas anoxia-tolerant plants control 
the process by switching lactic fermentation to ethanolic 
one. 

In some other studies, additional experimental data 
were obtained indicating the functioning of the pH-stat 
mechanism in plant cells under oxygen deficiency. 
However, the results of other researchers sometimes 
differed from those of Davies and Roberts. In particular, 
it was shown that switching from lactic to ethanolic 
fermentation during the early period of anaerobiosis 
occurred not in all plant species. For example, in barley 
roots, lactic fermentation under anaerobic conditions 
lasted for four days [160]. When studying the induction 
of alcoholic and lactic fermentation in various organs of 
various plants (pea and rice roots, pea embryos, apple 
fruit, and Acer platanoides leaves) after their transfer 
from aerobic to anaerobic environment, Andreev and 
Vartapetian [161] concluded that there is no single uni-
versal mechanism for the induction of alcoholic and 
lactic fermentation. Kennedy et al. [14] believe that 
Davies—Roberts theory cannot be applied to plants with 
true tolerance to anoxia, such as rice and Echinochloa. 
Finally, in studies performed with maize roots [162], it 
was shown that cytoplasm acidification coincided in 
time with the hydrolysis of nucleotide triphosphates but 
not with lactate accumulation. 

The role of energy metabolism in the control of cyto-
plasmic pH. New information in favor of the signifi-
cance of energy metabolism for both the mechanism of 
cytoplasm acidification and plant tolerance were 
obtained by Xia, Saglio, and Roberts [163]. The authors 
showed that mannose and NaF suppressed partially the 
rate of anaerobic fermentation (measured by ethanol 
accumulation), which was preliminarily induced by 
hypoxia. This resulted in a decrease in the content of 
ATP and total adenylates below the level of these com-
pounds in roots, which were not subjected to hypoxia or 
inhibitor treatment. Nevertheless, these circumstances 
did not reduce an elevated tolerance to anoxia of accli-
mated roots and their capability of cytoplasmic pH reg-
ulation. The authors believe that hypoxic pretreatment 
should somehow improve an affinity of key enzymes 
for ATP and help cytoplasmic pH maintenance. One of 
such possibilities is an enhanced lactate release into 
ambient medium, which might help to avoid cytoplasm 
acidification [164]. Xia, Saglio, and Roberts indicate 
that under anoxia, survival of roots subjected to accli-
mation and control of cytoplasmic pH does not essen-
tially depend on the ATP level in the cell, whereas "the 
rate of ATP synthesis has a greater significance" [163]. 
Although in these experiments, the level of ATP and 
energetic charge in the root cells subjected to acclima-
tion to hypoxia and treatments with inhibitors were 
decreased, the  rate of fermentation, i.e., ATP generation  

under anoxia, was 2.5- to 4-fold higher than in control 
roots, which were not acclimated. A threshold level of 
the fermentation rate (ATP production) in experimental 
roots, below which the roots lost their resistance to 
anoxia, was 2.5-fold higher than in control nonaccli-
mated roots. The authors concluded that a critical level 
of glycolytic flow under anoxia evidently reflects a low-
est rate of ATP production required for the maintenance 
of cell viability. Recent experiments by Generosova 
et al. [165] with detached shoots of rice seedlings 
showed that exogenous cytoplasm acidification with a 
weak acid in fact inhibited markedly anaerobic growth 
of such flood-tolerant organ as rice coleoptile. This 
effect of the acid could be weakened substantially by 
stimulation of cell energy metabolism under anaerobic 
conditions with exogenous glucose. These results are in 
a good agreement with observations performed on 
maize root tips and Acer pseudoplatanus cell culture by 
the NMR method [162, 166]. It was shown that when 
plant cells were transferred from aerobic to anaerobic 
conditions, a simultaneous decrease in the cytoplasmic 
pH and nucleotide triphosphate pool occurs. The 
authors believe that a sharp drop in pH during the early 
stages of anaerobiosis occurs because of nucleotide 
triphosphate hydrolysis. When anoxic A. pseudoplata-
nus cells were fed by glucose, the cytoplasmic pH par-
tially increased due to ATP synthesis in the process of 
enhanced ethanolic fermentation. 

CONCLUSION 

In this review, written 30 years after the First Inter-
national Symposium on plant anaerobiosis and subse-
quent publication of the special monograph on the basis 
of this symposium proceedings [8], the attempt was 
made to follow the origin and establishment of a novel 
scientific trend at the interfaces between plant physiol-
ogy, biochemistry, and molecular biology. This prob-
lem of plant hypoxic and anoxic stresses received an 
international recognition as a new biological discipline. 
Since International Society for Plant Anaerobiosis 
(ISPA) played a marked role in the development of this 
scientific branch, the author decided to emphasize the 
contribution of the Society members. In particular, they 
periodically initiated international conferences and 
symposia, publication of numerous monographs and 
articles in periodicals devoted to plant anaerobic stress, 
and organized research cooperation. These activities 
favored the appearance of some new research centers 
engaged in the investigation of hypoxic and anoxic 
stresses in plants and, correspondingly, the expansion 
of the front of experimental studies in this field. Mar-
kedly widened the front of experimental approaches to 
plant anaerobic stress. When early studies focused 
mainly on ecology, physiology, and biochemistry, dur-
ing the last decade an interest to the plant life under 
hypoxia and anoxia from molecular biologists and 
molecular geneticists increased markedly. Attempts are 
known to create plants more anoxia-tolerant, using bio- 
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technological approaches, genetic engineering in par-
ticular [153-155], and also in vitro cloning and selec-
tion of cell lines [167, 168] to regenerate whole plants 
surviving soil anaerobiosis. 

Analyzing the development of our knowledge of 
hypoxic and anoxic stresses during the last three 
decades, the author chose Crawford's metabolic theory 
[32-34] as an initial point on the following reasons. 
Firstly, this was the first theory, which seemingly gave 
a definite answer to both critical issues of plant life 
under anaerobiosis, the mechanisms of their damage 
and adaptation. Secondly, in spite of the fact that this 
theory turned out to be inconsistent, it stimulated an 
active discussion and experimental verification of its 
basic statements. As a result, more complete informa-
tion was obtained about both plant adaptation and dam-
age under oxygen deficiency. In general, Crawford's 
metabolic theory was beneficial from this point of view. 
At last, an acquaintance with this theory gives some 
insight into both the state of our knowledge when sys-
temic and active investigations in this field started and 
the marked progress was achieved during next decades. 

Taking into account that comprehensive reviews and 
monographs were published for the time elapsed, 
where various aspects of plant life under hypoxia and 
anoxia were analyzed in detail, this review is limited 
predominantly to those studies of plant anaerobic stress 
that, on the one hand, played a substantial role in the 
development of this branch of science and, on the other 
hand, more frequently were not considered in other cur-
rent reviews. In particular, the author was forced to pay 
especial attention to some pioneering studies of the 
period when this novel scientific field was foundated by 
referring the reader to corresponding publications in 
Russian and international scientific journals (see also 
[169]) and monographs. 

In this regard, it should be remembered that Russian 
scientists discovered a paradoxical phenomenon, i.e., 
hyper-sensitivity (!) but not hyper-resistance to oxygen 
deficiency of the roots of flood-tolerant plants inhabit-
ing anaerobic soils. We firstly reported these findings at 
the XI International Botanical Congress in United 
States [170] and thereafter at the International meeting 
of UNESCO in Sweden [39]. Later, our data were sup-
ported by the teams of Armstrong [74] and Ap Rees 
[75], which had far-reaching consequences. Firstly, one 
of the main statements of Crawford's metabolic theory 
[32-34], according to which the roots of plants inhabit-
ing flooded anaerobic soils manifest a high resistance to 
anoxia due to metabolism rearrangement, was invali-
dated. Secondly, the results of our investigations per-
mitted us to conclude that a capability of flood-tolerant 
plants of living on anaerobic soils is explained not by 
biochemical properties of their roots but by the avoid-
ance of anaerobiosis due to oxygen transport from 
aboveground aerated organs to roots located in oxy-
gen-free medium. These statements based on our elec-
tron-microscopic examination [39,170] and subsequent 
physiological and biochemical studies of English  
researchers [74, 75] were later confirmed by direct 

measurements of oxygen transport from aerated above-
ground organs to roots of both flood-tolerant (hydro-
phytes) and intolerant (mesophytes) plants. Using a 
polarographic and other techniques (chemolumines-
cence, electron microscopy, inhibitory analysis, and 
14C-sucrose feeding), we concluded that, as distinct 
from mesophytes (pumpkin and cotton) usually inhabit-
ing aerated soils, where the proportion of oxygen trans-
ported to anaerobically incubated roots from aerated 
plant parts comprises only several percents of their 
demand for oxygen [92, 93], in hydrophytes (rice) cul-
tivated on anaerobic flooded soils, oxygen transported 
from shoots even releases from roots to the rhizosphere 
[37, 39, 62, 170]. The results of these experiments were 
first published in Russian scientific journals and later in 
the book edited by D. Hook and R. Crawford published 
in United States [8, 43]. 

At the same years, we demonstrated another phe-
nomenon, e.g., hyper-resistance of the cell ultrastruc-
ture in rice coleoptiles in anaerobically germinated rice 
seedlings, which actively grow under conditions of 
complete absence of oxygen from environment; more-
over, they could form and maintain for a long time 
structurally intact and potentially functionally active 
mitochondria. Immediately after post-anaerobic con-
tact with oxygen, these mitochondria were capable of 
fulfilling their function, i.e., oxidative phosphorylation 
[101, 116, 168]. At the same time, we showed that cell 
energy metabolism, particularly the provision of active 
glycolysis and fermentation with substrate, plays a key 
role in high tolerance to oxygen deficiency. In these 
experiments with detached organs of flood-tolerant and 
intolerant plants, we were the first to demonstrate that 
plant feeding with sugars improved markedly cell toler-
ance even under strict anoxia by enhancing glycolysis 
and fermentation [63, 109]. 

Thus, one more statement of Crawford's metabolic 
theory claiming that active glycolysis and ethanolic fer-
mentation result in plant damage under anaerobic stress 
was disproved. Moreover, experiments with glucose 
feeding of detached rice coleoptiles and intact rice 
seedlings under conditions of primary or secondary 
anoxia [42, 80, 129] permitted us to predict a significant 
role of stored carbohydrates (starch) in seeds of flood-
tolerant plants. "Extraordinary capability of rice coleop-
tiles of growing under anaerobic conditions and main-
taining undamaged ultrastructure and function of mito-
chondria is determined not by the resistance of 
organelles per se but primarily by the capacity of rice 
seedlings to transport easily organic matter for a long 
distances even under anoxia and to mobilize seed stored 
compounds in the absence of oxygen, the phenomenon 
that is not peculiar to other higher plants" [63]. Thus, 
in these early studies on the basis of direct 
experiments, we  emphasized   for   the   first     time a 
key  role  not  only  of  cell  energy  metabolism 
(ethanolic   fermentation)  but   also  substrate 
starvation     under    anoxia    and     a      capability 
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of flood-tolerant plants (rice) to mobilize stored carbohydrates 
for the maintenance of glycolysis and fermentation under 
anaerobic stress. These studies permitted a broader 
generalization as well: the ultrastructure and functional activity 
of mitochondria can be stabilized for a long time and 
maintained in intact state due to utilization of ATP of 
extramitochondrial glycolytic origin but not only due to 
electron transport in mitochondrial membranes and ATP 
generation in them, as it was believed earlier by other 
researchers on the basis of their experiments with yeast 
and plants [120-123]. These statements were confirmed 
experimentally and developed, in particular in experiments by 
Perate et al. [124-128] with anaerobically germinating rice 
seeds and nongerminating wheat and barley seeds, and in 
studies by Brandle et al. [134, 135, 137] with rhizomes of 
flood-tolerant plants containing large stores of polymeric 
carbohydrates mobilized during anaerobic shoot growth. The 
role of energy metabolism and a capability of flood-tolerant 
plants of active mobilization of stored carbohydrates was 
confirmed in experiments aimed at the elucidation of the 
mechanisms of active sub-aquatic growth of semi-submerged 
plants, Potamogeton pectinatus and Rumex palustris, [135-
137] and the stems of deep-water rice [138, 139], and also by 
comparison of various rice cultivar tolerance to complete 
submergence of seedlings [7]. A key role of energy metabolism 
regulation in plant adaptation to anaerobic stress became 
still more obvious when it was elucidated that stress proteins 
induced by anaerobiosis turned out to be the enzymes of 
glycolysis, fermentation, and related processes of 
carbohydrate metabolism and the enzymes involved in the 
aerenchyma formation. It was also found that hypoxic 
acclimation, discovered by Canadian researchers Andrews 
and Pomeroy [158, 159], resulting in a marked improvement 
of the cell energy status and plant tolerance to anaerobic 
environment, occurs due to the activated synthesis of these 
enzymes. Thus, just these aforementioned observations, 
primarily hyper-sensitivity of mitochondria in the seedling-
root cells of rice and other hydrophytes to anoxia, which 
we observed in early experiments, and hyper-resistance of 
mitochondrial ultrastructure to the absence of oxygen 
during growth of rice coleoptiles capable of mobilizing seed 
stored carbohydrates under these extreme conditions and their 
utilizing for anaerobic glycolysis and fermentation permitted 
us to put forward the concept of two main strategies of plant 
adaptation to anaerobic stress: (1) true tolerance, which is 
realized under oxygen deficiency due to serious rear-
rangement of cell metabolism, the control of carbohydrate 
and energy metabolism playing a key role in this tolerance and 
(2) apparent tolerance, or avoidance strategy, which is 
realized due to oxygen transport at the level of the whole 
plant. These ideas were first advanced in the Introduction 
[41] to well-known monograph by Hook and Crawford [8]. It 
is of interest that, in the same monograph, Crawford considered 
in detail an opposite position, aforementioned metabolic theory 
[36] about universal strategy of plant adaptation to anaerobic  

 

 

 

 

 

stress and about a negative role of the basic process of energy 
generation (ethanolic fermentation). 

It should be especially emphasized that, at the same time, 
de novo formation of stress proteins under extreme 
ecological conditions was discovered in plants. It is known 
that the expression of such proteins and their physiological 
role in plant adaptation to extreme ecological conditions was 
one of the most keen topics during last decades studied by 
physiologists, biochemists, molecular biologists, and 
geneticists (see reviews [146, 147]). De novo synthesis of 
stress proteins in plants was detected for the fist time just 
during investigation of anaerobic stress action on plants, in 
experiments performed by Maslova, Chemyad'eva, and Vart-
apetian with germinating rice seeds [67]. The results of these 
experiments were reported as early as in 1975 at the XII 
International Botanical Congress [67]. This discovery was 
emphasized in the Introduction to the Book Plant Life under 
Oxygen Deprivation, published by outstanding plant 
physiologists and biochemists M. Jackson, D. Davies, 
and H. Lambers as editors [9] and also in the review written 
by Vartapetian and Jackson [19]. During gel-electrophoretic 
comparison of proteins extracted from rice seedlings grown 
under aerobic and anaerobic conditions, we found 7 
anaerobic polypeptides, which appeared only under 
anaerobic stress and disappeared after plant transfer to 
aerobic conditions [67]. The induction of synthesis of 
anaerobic proteins was soon confirmed in experiments by 
Sachs, Freeling, and Okimoto [148] with maize roots and by 
Kennedy and coworkers [150] with Echinochloa seedlings. 
Blocking the synthesis of anaerobic proteins was shown to 
reduce plant-cell resistance to anoxia [156, 157]. As 
aforementioned, the induction of stress protein synthesis and 
formation at transcriptional, translational, and 
posttranslational levels and their functional and 
physiological role in plant adaptation is one of the most 
important modern topics in the field of ecological stresses, 
including anaerobic stress. 

Finally, it is worth noting one more feature of the Russian 
scientists' research, a widespread use of functional electron 
microscopy to observe the state of the ultrastructure of 
mitochondrial membranes as a criterion of oxygen 
deficiency because it is mitochondria that respond to 
oxygen deficiency in medium before other organelles and 
in a characteristic way (see reviews [168, 171.]). Recent 
studies by Sachs et al. [31,152] showed that in fact 
mitochondria responded first to oxygen deficiency in 
medium and transduce a signal (Ca

2+
 release from 

mitochondria to cytoplasm) to the genome, thus provoking the 
expression of corresponding genes and crucial metabolic 
rearrangements. 
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This article reviews the contribution made by functional electron microscopy towards identifying and under -
standing the reactions of plant roots and shoots to anaerobic stress. Topics examined include: (1) unexpected 

hypersensitivity, rather than hyper-resistance, to anoxia of root tips of flooding-tolerant plants; (2) protective, 

rather than damaging, effects of a stimulated energy metabolism (glycolysis and fermentation) under anaerobic 
conditions; (3) the concept of two main strategies of plant adaptation to anaerobic environments, namely avoid ance 

of anaerobiosis on the whole plant level, termed 'apparent' tolerance, and metabolic adaptation at the cellu lar and 

molecular levels, termed 'true' tolerance; (4) the importance of protein synthesis during hypoxia and anoxia for 
enhanced energy production and metabolic adaptation; (5) a general adaptive syndrome in plants to stress at the 

ultrastructural level and a possible molecular mechanism for its realization under anoxia; (6) the physiological role 

of aerobically synthesized lipids and nitrate as alternative electron acceptors in an oxygen -free medium; and (7) 
the selection of cell lines derived from callus cultures that possess enhanced tolerance to anoxia and can regenerate 

whole plants with improved tolerance of soil waterlogging.  

Key words: Review, anaerobiosis, mitochondrial ultrastructure, glycolysis, lipid metabolism, general adaptation 
syndrome, nitrate reduction, cell culture selection. 

INTRODUCTION 

In recent decades, progress in understanding plant life under 

oxygen deficiency has been based principally on the 

adoption of modern physical and chemical methods of 

analysis, and on conceptualized interpretations of physio-

logical and biochemical findings. This can be exemplified 

by contributions made using electron microscopy (EM) to 

study fine structure of plant cells responding to stress from 

oxygen shortage. As described below, results first obtained 

in EM studies promoted further research and development 

of the problems using physiological and biochemical 

approaches. In contrast to cytologists interested in a static 

state of cell ultrastructure, physiologists and biochemists 

have used electron microscopy to reveal dynamic rearrange-

ments of cellular membranes provoked by physiological 

experiments. Such rearrangements have often be related 

directly to adaptive or degenerative changes induced by 

stress. We define such an approach as functional electron 

microscopy. 

We have employed electron microscopy for almost 30 

years to study plant anaerobiosis and to elucidate the 

specific features of  plant function and  metabolism under   

 

 

oxygen  deficiency. Some our findings will be used to 

illustrate the contribution of functional electron microscopy 

to the study of plant anaerobiosis taking into account 

complimentary electron microscopic studies by other 

research groups (Andreeva and Grineva, 1970; Ueda and 

Tsuji, 1971; Opik, 1973; Oliveira, 1977; Morisset, 1978, 

1983; Campbell and Drew, 1983; Aldrich et al., 1985; 

Davies et al., 1985; Webb and Jackson, 1986; Kennedy 

et al., 1991). 

It should be noted that hypoxia and anoxia are extremely 

stressful conditions since higher plants are essentially 

aerobic organisms. Consequently, all plant cell organelles, 

including endoplasmic reticulum, polysomes and cytoplasm 

undergo marked rearrangements under oxygen deficiency. 

The rearrangements in mitochondrial membranes are espe-

cially informative. Mitochondria are primary oxygen con-

sumers and the major energy source of aerobic organisms. 

Consequently, they suffer from oxygen deficiency before 

other cell organelles. Mitochondria may also have other key 

roles. For example, in experiments in which maize cell 

suspension cultures were transferred from an aerobic to 

anaerobic medium, Subbaiah et al. (1998) demonstrated that 

Ca
2+

 ions released rapidly from mitochondria into the 

cytosol participate in signalling O2 deprivation leading to 

anaerobic  gene  expression. In addition, mitochondria  

Annals of Botany. Vol. 91, special issue, 155-172, 2003 
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undergo characteristic destructive or adaptive 

rearrangements under anaerobic stress. These changes hold 

the key to understanding features of cell adaptation or 

damage under oxygen deficiency. Accordingly, our 

EM studies have concentrated on assessing 

mitochondrial status. 

 

 
Fig. 1. Destructive and degradative rearrangement of 

mitochondrial ultrastructure under anaerobic stress. A, Mitochondrial 

ultrastructure of a detached root Cucurbita pepo under aerobic 

conditions (control). B, Reversible destruction after 6 h anaerobic 

incubation. C, Irreversible degradation after  15 h anaerobic 

incubation. m, Mitochondrion. Bar = 0.5 μm. 

 

Experimental material selected and presented below is 

grouped into two categories. The first includes results of EM 

studies dealing with principal problems of plant life under 

hypoxia and anoxia, i.e. main strategies of adaptation. The 

results of these studies have been supported subsequently in 

numerous physiological and biochemical studies conducted 

by others. Therefore, it is unlikely that conclusions drawn 

from these studies are controversial. The second category 

includes findings of more recent studies in which the 

functional electron microscopic approach has also played an 

important role. However, these results have not yet received 

wide recognition and remain to be rigorously tested. This 

comment refers specifically to demonstrations of a general 

adaptation syndrome in plants under anoxia, a physiological 

role of anaerobic synthesis of lipids as alternative electron 

acceptors in oxygen-free medium and the in vitro selection 

of anoxia-resistant cell lines holding promise for regener-

ation of whole plants with superior tolerance to soil 

waterlogging. 

DESTRUCTIVE AND ADAPTIVE  

R EAR R ANGEM EN TS  O F M ITOC HON DR IA L  

U LTR AS TR UC TUR E U NDER  ANAER OB IC   

STRESS 

Destructive, degradative and adaptive rearrangements take 

place in mitochondria membranes in plant organs after 

transfer from aerobic to anaerobic environments (Figs 1B 

and C and 2A—D). Mitochondria of aerobic cells (Fig. 1A) 

are round or oval, contain several cristae and have a dense 

matrix. After transfer to an anaerobic environment, 

oxidative phosphorylation is arrested almost immediately, 

followed by mitochondrial swelling, a decrease in the 

number of cristae and gradual clarification of the mitochon-

drial matrix (Fig. 1B). If anaerobic incubation is continued 

for 5-6 h, mitochondrial swelling increases further. 

However, despite these considerable destructive changes 

mitochondria do not lose their capacity for oxidative 

phosphorylation. This is seen by a remarkable capacity to 

inrease ATP levels and the ATP/ADP ratio immediately 

after transfer back to an aerobic environment (Andreev et al., 

1991). The longer the roots are deprived of oxygen, the 

longer the duration of subsequent aeration needed to restore 

initial ATP levels. Ultrastructural changes of anaerobic 

mitochondria are also reversible. Soon after cell aeration 

recommences, the fine structure of mitochondria reverts 

back to that of initial aerobic mitochondria. However, if 

anaerobic incubation is prolonged further (e.g. 10-15 h in 

pumpkin roots), irreversible degradation of mitochondrial 

ultrastructure takes place that cannot be rescued by re-

aeration (Fig. 1C). 

Ultrastructural rearrangements in mitochondria can 

differ in cells of species tolerant and intolerant to 

anoxia. For example, the ultrastructure of mitochondria 

in coleoptile cells of anaerobically germinating seeds of 

rice, a highly flood-tolerant species, is not substantially 

different from that of mitochondria of aerobic coleop-

tiles (Vartapetian et al., 1978a). A similar picture is 

obtained with anoxia-tolerant Echinochloa species 

(Kennedy et al., 1991). Alternatively, non-destructive 
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rearrangements of mitochondria membranes can 

take place, as shown for roots of anoxia-intolerant 

C u c u r b i t a   p e p o    ( F i g .   2 A  a n d  C )   

p r o v i d e d    t h e y     a r e     f e d     w i t h  

 

exogenous glucose during anaerobic incubation. 

Under   these   circumstances,   mitochondria 

become  elongated  or  take  the   form      o f  

mi to ch o n d r i a l       r e t i cu lu m        (V ar t ap e t i an  

 
 

 
 

  

FIG. 2. Adaptive rearrangements of plant mitochondrial ultrastructure under anaerobic stress. A, Elongated mitochondria after 24 h 

anaerobic incubation of detached root of Cucurbita pepo in the presence of exogenous glucose (3 %). B, Mitochondria of rice coleoptile 
developing stacks of parallel cristae with a dense matrix after 5 d anaerobic incubation. C, Mitochondria taking the form of mitocho ndrial 

reticulum after 72 h anaerobic incubation of detached root of C. pepo in the presence of exogenous glucose (3 %). 

D, Dumb-bell shaped mitochondria in detached coleoptile of O. sativa after 48 h anaerobic incubation 

in the presence of exogenous KNO3 (10 mM ). m, Mitochondrion. Bars = 0·5 μm. 
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et al., 1977). Transfer of aerobically germinated rice 

seedlings to anoxia (Fig. 2B) results in the 

appearance of mitochondria with stacks of parallel 

cristae and a dense matrix (Vartapetian et al., 1974a; 

Morisset, 1978). Sometimes, dumb-bell (Fig. 2D) or 

ring-shaped mitochondria occur (Vartapetian et al., 

1978a; Vartapetian and Polyakova, 1999) but with 

no evidence of associated membrane degeneration. 

 
HYP ER S ENS ITIV ITY O F M ITOC HON DR IA L  

U LTR AS TR UC TUR E IN  R OOT C E LLS  O F  

FLO OD IN G - TO LER AN T  P LA N TS ,  OR  THE  
S TR A TEGY O F AP P AR EN T TO LER ANC E  

In contrast to coleoptiles of rice seedlings, which are highly 

tolerant of anoxia, electron microscopy of detached root 

tips of mature rice (Oryza sativa), cultivated on 

flooded anaerobic soil, demonstrated unexpectedly high 

sensitivity of mitochondria ultrastructure to anoxia. Cells 

of rice roots not only appeared to be less resistant than the 

coleoptile but, paradoxically, they were even more 

anoxia-sensitive than roots of non-tolerant plants 

(Vartapetian et al., 1970, 1978a; Vartapetian, 1973). For 

example, mitochondria in roots of pumpkin (Cucurbita 

pepo, a flooding-sensitive species) degraded irreversibly 

after 6-10 h of anaerobic incubation, whereas in roots of 

rice (a flooding-tolerant plant), mitochondrial 

destruction was observed after only 3-5 h of anaerobic 

treatment at 20 °C. Anaerobic incubation of rice roots at 

32 and 42 °C resulted in marked mitochondria' 

destruction after only 60 and  30 min, respectively 

(Vartapetian et al., 1972). Under aerobic conditions no 

destructive changes in ultrastructure of rice mitochondria 

were observed, even at 42 °C. The results of this investi-

gation with rice, confirmed later in experiments with 

other wild wetland species (Vartapetian and Andreeva, 

1986), gave grounds for the conclusion that the tolerance of 

roots of whole plants to flooding is the consequence of 

apparent tolerance to anoxia but not of true tolerance. 

Thus, the ability of flooding-tolerant species to inhabit 

anaerobic soils is not a consequence of high resistance 

of root cells to oxygen shortage as has been suggested 

(Soldatenkov and Chirkova, 1963; McManmon and 

Crawford,  1971; Crawford, 1978) and widely 

accepted (Marshall et al., 1973; Francis et al., 1974; 

Chirkova, 1978; Larcher, 1980; Moore, 1982). Instead 

flooding tolerance of these plants is explained by their 

capacity to avoid root anaerobiosis due to oxygen transport 

from aerated above-ground organs. This conclusion has 

been confirmed in physiological experiments (Webb and 

Armstrong, 1983) and biochemical studies (Ap Rees and 

Wilson, 1984; Ap Rees et al., 1987). For example, tests of 

the capacity of pea, rice and pumpkin roots for post-

anaerobic growth demonstrated that rice roots were more 

rather than less damaged by anoxia than pea or pumpkin 

roots (Webb and Armstrong, 1983). A similar situation was 

found when protein synthesis was studied in roots of 

flooding-tolerant Glyceria maxima and non-tolerant pea, 

Pisum sativum (Ap Rees and Wilson, 1984; Ap Rees et al., 

1987). Roots of G. maxima were the more sensitive to 

anoxia. In addition, comparative biochemical studies did  

not reveal marked differences in  root  metabolism of 

tolerant and intolerant plants (Smith and Ap Rees, 1979; 

Davies, 1980). Direct measurements of molecular oxygen 

translocated from above-ground organs into roots of tolerant 

and non-tolerant species demonstrated that in contrast to non-

tolerant species, flooding-tolerant species transported sufficient 

oxygen internally to support aerobic metabolism 

(Vartapetian et al., 1970, 1974b, 1978a; Armstrong, 1978, 

1979; Armstrong et al., 1994). Any oxygen lost from the root 

axis by radial diffusion also has the benefit of oxidizing chemically 

reduced toxic substances, such as Fe
2+

 and Mn
3+

, in the flooded 

soil to less soluble and less toxic forms (Ponnamperuma, 

1984; Gambrell et al., 1991). This oxygen may also support 

nitrifying bacteria that convert ammonia to nitrate (Blom et al., 

1994). Oxygen transport from aboveground parts to roots of 

wetland plants is facilitated by aerenchyma. Aerenchyma is 

also the pathway for reverse diffusion of reduced volatile 

compounds accumulated in roots, including CO2, ethylene, 

organic acids and CH4 (Neue et al., 1990). Methane generated 

in anaerobic soils of rice fields and diffusing out into the 

atmosphere via aerenchyma is a major source of this 

greenhouse gas, believed to increase global warming. The 

function of aerenchyma, the mechanism of its formation in 

roots of flooding-tolerant and intolerant species, and the role 

of ethylene and Ca
2+

 as triggers of aerenchyma formation have 

been reviewed thoroughly (Jackson, 1991; Armstrong et al., 

1994; Voesenek and Blom, 1996; Drew, 1997; Jackson and 

Armstrong, 1999). 

THE R O LE O F ENER GY  ME TAB O LIS M  

(G LYC O LYS IS )  IN  P LA N T R ES IS TA NC E TO  

ANOX IA,  OR  TH E  S TR A TEGY O F TR U E  

TOLERANCE 

Hyper-resistance of mitochondrial ultrastructure in 

coleoptile cells of anaerobically germinating rice seeds 

EM studies have helped understand the mechanism of true 

tolerance, i.e. metabolic adaptation of plants to anaerobic stress. 

As with apparent tolerance, rice was used in the first 

experiments. However, instead of roots, coleoptiles were 

examined since they can elongate to a limited extent in the 

complete absence of oxygen, even in a vacuum (Vartapetian et 

al., 1978a). Previous EM studies showed that coleoptiles 

germinating under anaerobic conditions contained structurally 

intact mitochondria that are potentially active (Ueda and 

Tsuji, 1971; Vartapetian et al., 1971; Opik, 1973; Costes 

and Vartapetian, 1978). Mitochondria of coleoptiles after 5-6 d 

of anaerobic germination of seeds possess a full range of 

electron-transporting enzymes, including cytochrome-oxidase 

and cytochromes b and c, and are capable of oxidative 

phosphorylation when exposed to molecular oxygen (Costes 

and Vartapetian, 1978; Vartapetian et al., 1978a; Shibasaka 

and Tsuji, 1991). Coleoptiles of aerobically germinating rice 

seeds are also highly resistant to anoxia, with their 

mitochondria remaining intact during several days of 

subsequent anoxia (Vartapetian et al.,  1974a; Couee et 

al.,  1992). However, EM studies have shown that the 

high anoxia-resistance of mitochondrial ultrastructure  

i n  c o l e o p t i l e s  g e r m i n a t e d  u n d e r  b o t h  a e r o b i c  
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FIG. 3. Degradative and adaptive rearrangements of mitochondrial ultrastructure of detached rice coleoptiles with and without glucose feeding under  

anoxia. A, After 6 d anaerobic seed germination (control). B, After 48 h anaerobic incubation of detached  coleoptile without glucose feeding. C, After  

5 d anaerobic incubation of detached coleoptile with glucose feeding (0·5 %). m, Mitochondrion. Bars = 0·5 μm. 

and anaerobic conditions is lost when coleoptiles are 

detached from the seedling (Vartapetian et al., 1976, 

1978a): anaerobic incubation of detached coleoptiles 

results in complete degradation of mitochondrial 

membranes within 48 h (Fig. 3B). The resistance of 

mitochondrial ultrastructure in detached coleoptiles to 

anoxia can be restored by submerging coleoptiles in 

glucose solution during anaerobic incubation to 

stimulate glycolysis and fermentation (Vartapetian et al., 

1976) (Fig. 3C). Thus, anaerobic mitochondria are 

responsive to external hexose and, in intact seedlings, are 

dependent on such supply from the seed. It is clear that 

sufficient glycolytic ATP can be generated 

anaerobically by the coleoptile to maintain 

m i t o c h o n d r i a l  u l t r a s t r u c t u r e .  T h i s  A T P  i s  o f   

cytoplasmic origin and is apparently utilized by 

mitochondria to maintain structural integrity and potential 

functional activity under complete arrest of electron 

transport in the mitochondrial respiratory chain. In 

contrast, in yeast (Saccharomyces cerevisiae), the structural 

and functional integrity of mitochondria could be 

preserved only by electron transport and oxidative 

phosphorylation (i.e. by ATP production) within mitochondria 

(Luzikov et al., 1973; Luzikov, 1985). A similar but erroneous 

conclusion was also made in respect of mitochondria of 

higher plants (Zalenskii, 1977). The conclusion concerning 

utilization of extra-mitochondrial ATP of glycolytic origin by 

mitochondria is made on the basis of EM studies of both rice 

coleoptiles and pumpkin roots (Vartapetian et al., 1977). It 
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FIG. 4. Destructive and adaptive rearrangements of 

mitochondrial ultrastructure of detached pumpkin roots with 

and without glucose feeding under anoxia. A, Under aerobic 

conditions (control). B, After 10 h anaerobic incubation without 

glucose feeding. C, After 72 h anaerobic incubation with glucose 

feeding (3 %). m, Mitochondrion. Bar = 0·5 μm. 

has been supported in biochemical studies showing that 

mitochondria isolated from rice seedlings after anaerobic 

incubation utilize exogenous ATP in mitochondrial protein 

synthesis (Couee et al., 1992). 

Experiments prolonging the life of detached rice 

coleoptiles (Vartapetian et al., 1976) and detached pumpkin 

roots (Vartapetian et al., 1977) by exogenous sugar in the 

absence of oxygen argue against the notion that damage and 

death under anoxia is the outcome of self-poisoning by the 

extra ethanol delivered from the fast fermentation 

(McManmon and Crawford, 1971; Crawford, 1978). In 

most experiments, stimulation of glycolysis and fermenta-

tion by feeding with exogenous sugar has a protective rather 

than damaging effect on survival (Vartapetian, 1993). 

A further important contribution of the experiments on 

feeding with exogenous glucose was to demonstrate the key 

importance of energy metabolism (glycolysis) in tolerance 

and adaptation of plant cells to anaerobic stress. These 

results emphasize the particular importance of anaerobic 

mobilization and utilization of seed reserves in ensuring rice 

coleoptile resistance to anoxia. It can be concluded that the 

remarkable capacity of rice coleoptiles to grow without 

oxygen and to preserve undamaged mitochondrial ultra-

structure and function is not due to resistance of the 

organelles themselves, but to the ability of rice seedlings to 

transport organic substances a considerable distance even 

under conditions of anoxia, and to mobilize storage 

substances provided by the endosperm in the absence of 

oxygen (Vartapetian et al., 1976). Data obtained in EM 

investigations that indicate the importance of energy 

metabolism and glycolytic substrate provision in plant 

adaptation to anaerobic stress are supported by a number of 

physiological, biochemical and molecular biological stud-

ies. These are discussed briefly below. 

Protective role of exogenous sugars under anoxia in non-

tolerant plants 

The protective effect of glucose-stimulated glycolysis 

leading to increased resistance of rice coleoptile cell 

ultrastructure to anoxia also applies to roots of species 

that are not tolerant to flooding. For example, incubation of 

pumpkin (Cucurbita pepo) roots for 10-15 h in an oxygen-

free medium (Vartapetian et al., 1977) resulted in marked 

destruction of mitochondrial ultrastructure (Fig. 4B). 

However, no evidence of mitochondrial destruction was 

observed even after 72 h without oxygen when roots were 

fed exogenous glucose (Fig. 4C), although mitochondrial 

morphology altered markedly to give unusual elongated or 

ramified forms. Stimulation of energy metabolism in cells of 

maize root tips fed with exogenous glucose was demon-

strated by accumulation of the final products of anaerobic 

respiration and by the elevated level of cell energy charge 

(Saglio et al., 1980). Webb and Armstrong (1983) demon-

strated a protective role of exogenous glucose under anoxia 

on rice, pea and pumpkin roots using the roots' capacity for 

post-anaerobic growth as a criterion. In the absence of 

exogenous glucose, roots of rice, pea and pumpkin lost the 

capacity for post-anaerobic growth after 4, 6 or 12 h of 

anoxia, respectively, while glucose feeding resulted in post- 
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anaerobic growth even after 4, 19 or 25 h anoxia. Increased 

cell tolerance to hypoxia and anoxia by glucose feeding has 

also been demonstrated in experiments with roots of other 

flooding-sensitive plants (Waters et al., 1991; Hole et al., 

1992; Zhang and Greenway, 1994). In particular, experi-

ments by Waters et al. (1991) demonstrated that glucose 

feeding of anaerobic wheat roots increased the capacity for 

post-anaerobic growth from 10 to 30 h. 

Induction of anaerobic protein synthesis as the underlying 

mechanism of adaptation to hypoxia and anoxia 

Demonstrations of anaerobic protein synthesis in higher 

plants gave further grounds for the assertion that cell energy 

metabolism is of primary importance in plant adaptation to 

anaerobic stress. Specific proteins emerging under anaer-

obic conditions were first reported in experiments on rice 

seedlings (Maslova et al., 1975). Seven anaerobic proteins 

appeared when 6-d-old air-grown rice seedlings were 

transferred to an anaerobic environment. These proteins 

disappeared when the seedlings were returned to air. It was 

shown that synthesis of anaerobic proteins took place 

simultaneously with a promotion of alcohol dehydrogenase 

activity. Expression of anaerobic proteins in tolerant and 

non-tolerant plants has since been studied in several 

laboratories. For example, using tips of maize roots 

incubated anaerobically, Sachs et al. (1980) showed that 

synthesis of the proteins typical for aerobic conditions 

ceased, with a concurrent induction of synthesis of about 20 

anaerobic stress proteins. Expression of synthesis of anaer-

obic proteins has also been shown under field conditions in 

rhizomes of Acorus calamus during long-term winter 

anaerobiosis (Bucher et al., 1996). Anaerobic proteins 

appear to be mainly enzymes participating in glycolysis and 

fermentation, or the enzymes responsible for mobilization 

of carbohydrates, hexokinases, α-amylase and sucrose 

synthase (Sachs, 1993; Sachs et al., 1996; Perata et al., 

1997; Saglio et al., 1999). 

Several studies have dealt with plant acclimation to 

anoxia through responses to previous hypoxic treatment. 

The phenomenon of acclimation to anoxia was originally 

demonstrated by Andrews and Pomeroy (1981, 1983). In 

their studies, pre-treatment of winter wheat by flooding at 

low temperature (2 °C) increased plant resistance and 

survival under subsequent anoxia imposed by a gas -

impermeable ice crust. The pre-treatment increased activity 

of certain enzymes participating in anaerobic respiration, 

namely, pyruvate decarboxylase and alcohol dehydrogen-

ase. There was also an acceleration of fermentation and a 

rise in cell energy status (Andrews, 1997). Saglio et al. 

(1988) incubated maize root tips for 18 h at low partial 

oxygen pressure (2-4 kPa) at 20-25 °C and also observed a 

considerable increase in root resistance to subsequent 

anoxic treatment. For example, after hypoxic pre-treatment, 

maize roots tolerated anoxic exposure for 22 h, whereas in 

the absence of such pre-treatment they died after only 7 h of 

anoxia. Johnson et al. (1989) showed that maize roots 

retained their capacity for growth even after 90 h anoxia if 

they first underwent hypoxic pre-treatment.  

Without hypoxic pre-incubation, these roots lost their  

 

growth potential after only 24 h anoxia. It is significant that 

roots given hypoxic pre-treatment show a higher activity 

of several glycolytic and fermentative enzymes, faster and 

more prolonged ethanol production, an increased ATP 

concentration in their tissues, and a higher level of energy 

charge and ATP/ADP ratio (Saglio et al., 1988, 1999; 

Johnson et al., 1989; Hole et al., 1992). Even in roots of 

wheat seedlings which are highly sensitive to oxygen 

deficiency (Vartapetian and Zakhmilova, 1990), hypoxic 

pre-treatment of tips of either detached roots or roots 

of intact seedlings markedly increased both the activity of 

enzymes involved in alcoholic fermentation and the rate of 

anaerobic respiration, as well as root resistance to anaerobic 

stress (Waters et al., 1991). It should be mentioned that 

increased resistance of hypoxically pre-incubated roots was 

most pronounced if they were also fed with exogenous 

sugars. Waters et al. (1991) concluded that 'high rates of 

alcoholic fermentation are one important aspect of tolerance 

of plant tissues to anoxia'. It has been suggested that the 

induction of synthesis of anaerobic proteins takes place 

during hypoxic pre-treatment, and that hypoxia rather than 

sudden anoxia that increases transcription and activity of 

glycolytic and fermentation enzymes and improves toler-

ance to anoxia (Saglio et al., 1999). It seems that substantial 

protein synthesis occurs under anoxia only if roots have 

been hypoxically pre-treated. It has been shown in rice and 

maize seedlings that the induction of synthesis of the 

enzymes participating in glycolysis and fermentation during 

hypoxic treatment is accompanied by induction of the 

synthesis of sucrose synthase (Saglio et al., 1999). Sucrose 

synthase is of great importance in the tolerance of rice and 

maize roots to anoxia because it is this enzyme rather than 

invertase that is responsible for introducing sucrose into 

anaerobic metabolism (Guglielminetti et al., 1995; Perata 

et al., 1997; Ricard et al., 1998). Thus, data obtained by 

different research groups in experiments on hypoxic pre-

treatment of roots also indicate the key role of energy 

metabolism in root resistance to hypoxia and anoxia. The 

results support the view that increased resistance of plants 

arises from an adequate supply of substrate and increased 

synthesis of anaerobic proteins. Many of these proteins are 

enzymes that participate in glycolysis and alcoholic fer-

mentation or in other aspects of carbohydrate metabolism. 

Xia et al. (1995) and Rawyler et al. (1999) have proposed 

that there is a threshold for ATP production below which 

hypoxic enhancement of anoxia tolerance is not realized. 

Synthesis of anaerobic proteins can be expected to 

facilitate substrate phosphorylation through mobilization 

of carbohydrate reserves and intensification of glycolysis 

and fermentation when the main mechanism of energy 

supply of the aerobic cell (oxidative phosphorylation) is 

arrested due to a deficiency or absence of molecular oxygen. 

This fact should probably be considered as an adaptive 

property of the plant cell that developed via natural or 

artificial selection, resulting in enhanced energy metabolism 

under hypoxia and anoxia. These observations also suggest 

that cell energy metabolism is of great adaptive importance 

for plant resistance to low-oxygen stress. 

Genetic transformation technology has been used to 

stimulate plant anaerobic energy metabolism and tolerance 
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to anoxia. Tadege et al. (1998) incorporated a bacterial 

gene into tobacco that encoded pyruvate decarboxylase, the 

key pacemaker enzyme in ethanolic fermentation. 

Transgenic plants showed faster rates of ethanolic 

fermentation. However, this resulted in earlier 

depletion of substrate reserves and the outcome was 

decreased rather than increased tolerance of oxygen 

shortage. Although this result was contrary to that 

expected, the result demonstrated the feasibility of 

increasing fermentation rates by genetic engineering. 

The experiment also demonstrated the critical importance 

of carbohydrate reserves as fuel for glycolysis and 

fermentation. 

Blocking of anaerobic protein synthesis destabilizes cell 

ultrastructure and decreases plant tolerance under anoxia 

The importance of anaerobic stress proteins for plant 

resistance to anoxia and hypoxia was demons t ra ted   

in  exper imen ts  tha t  b locked  the  synthesis of these 

proteins. Inhibition of synthesis using cycloheximide (Fig. 

5) destabilizes mitochondrial fine structure in rice 

coleoptiles and essentially decreases tolerance to 

anoxia even in the presence of  exogenous  glucose 

(Vartapet ian  and Polyakova, 1994). Similar 

observations were made by Subbaiah et al. (1994) who 

inhibited anaerobic protein synthesis in maize root tips 

using Ruthenium Red acting on transcription. In this case 

tolerance to anoxia was reduced from 72 to only 2 h. 

The role of carbohydrate reserves in the maintenance of 

glycolysis and tolerance to anoxia 

The importance of polymeric carbohydrate reserves 

mobilized by tolerant plant species under anaerobiosis 

was inferred from EM observations discussed above 

(Vartapetian et al., 1976, 1978a), and highlighted in 

 

 
 

FIG. 5. Inhibition of anaerobic protein synthesis in detached rice coleoptile cells has destabilized mitochondrial fine struc ture. A, Under aerobic  

conditions (control). B, After 48 h anaerobic incubation without exogenous glucose. C, After 72 h anaerobic  incubation in the presence of exogenous 

glucose (2 %). D, After anaerobic incubation in the presence of cycloheximide (10
-5

 M) and glucose (2 %). m, Mitochondrion. Bars = 0·5 μm. 
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biochemical studies on both anaerobically germinating rice 

seeds (Perata et al., 1992, 1993, 1997) and rhizomes of 

wetland plants (Brandle, 1991; Hanhijarvi and Fagerstedt, 

 

FIG. 6. Reversible destruction and restoration of 

mitochondrial ultrastructure of wheat seedling leaves during short-

term anoxia. A, Under aerobic conditions (control). B, After 90 
min anaerobic incubation (mitochondria are swollen). C, After 

3 h of anaerobic incubation (mitochondria are restored to a 

normal appearance). m, Mitochondria. Bar = 0·5 μm. 

 

1995; Crawford and Brandle, 1996). The enzymes responsible 

for mobilization of endosperm starch reserves in 

anaerobically germinating rice seeds have been identified and 

synthesis demonstrated under anoxia. The products of starch 

degradation are presumed to be transported from endosperm to 

growing coleoptile, and utilized there in glycolysis and 

fermentation. High tolerance of germinating rice seeds is also 

associated with induction of sucrose synthase and hexokinases 

(Guglielminetti et al., 1995). In contrast to rice, anaerobically 

imbibing wheat seeds fail to form enzymes responsible for 

starch mobilization, causing the seeds to perish (Perata et al., 

1992). However, when anaerobically imbibing wheat seeds are fed 

with exogenous glucose, limited anoxic germination is then 

possible. 

The role of starch reserves in tolerance to anaerobiosis has 

also been demonstrated in experiments on rhizomes of some 

wetland species (Henzi and Brandle, 1993; Hanhijarvi and 

Fagerstedt, 1995; Crawford and Brandle, 1996). Rhizomes 

of species that accumulate a large quantity of starch before 

winter anaerobiosis were able to withstand prolonged anoxia 

lasting several months and were able to support slowly 

growing shoots even under anoxia. Rhizomes that do not 

accumulate large starch reserves before anaerobiosis are not 

capable of withstanding longterm anaerobiosis. It was 

demonstrated that the unusually large Pasteur effect and anoxia 

tolerance of the aquatic monocot, Potamogeton pectinatus, 

which grows rapidly in oxygen-free medium, were supported by 

sucrose derived from the hydrolysis of starch reserves when 

anaerobic (Summers et al., 2000). This was sufficient to 

support a strongly accelerated rate of stem elongation induced by 

the complete absence of oxygen over periods of up to 14 d. 

V IS UA LIZA TION O F THE GENER A L  

ADAP TIV E S YNDR O M E AND MEC HA N IS M  

FOR  ITS  R EA LIZA TIO N IN  P LAN TS  U NDER   

ANAEROBIC STRESS 

As discussed previously, anaerobic stress is associated with 

abnormal swelling of mitochondria which becomes more 

pronounced as the duration of anaerobic incubation 

increases. It finally results in irreversible degradation of 

mitochondria and other organelles. The initial stages of 

membrane destruction are reversible since the mitochondrial 

ultrastructure of plants transferred from anaerobic conditions 

into a normal aerobic environment soon becomes normal again and 

oxidative phosphorylation recommences. However, more detailed 

EM investigations on wheat and maize seedlings have revealed 

a pattern of rearrangements of the mitochondrial membranes 

that was overlooked in earlier experiments (Vartapetian, 1991). 

After only 30 min anoxia, a distinct swelling of mitochondria 

was observed which increased further when the stress was 

prolonged to 60-90 min (Fig. 6B). Surprisingly, further 

continuous anaerobiosis did not result in the progressive 

destruction of the mitochondrial membranes as expected on the 

basis of previous experiments involving extended periods of 

anaerobic exposure. On the contrary, after 3-5 h of anaerobiosis, 

complete (but temporary) restoration of the intact mito-

chondrial ultrastructure was seen (Fig. 6C). This intact  
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FIG. 7. Mitochondria of wheat seedling leaves after anaerobic 

incubation in the presence of exogenous glucose or cycloheximide. 

A, After 90 min of anaerobiosis in the presence of exogenous glucose 
(2 %). B, After 6 h  of anaerobiosis in the presence of 

cycloheximide (10 -5 M). m, Mitochondrion. Bars = 0·5 μm. 

mitochondrial ultrastructure was retained for several 

hours more. Further anaerobiosis then caused a new 

progressive wave of mitochondrial destruction, and by 

24-48 h of anaerobiosis, irreversible degradation of 

mitochondria took place. 

To elucidate possible molecular mechanisms of this 

unexpected phenomenon, anaerobic treatment of wheat 

leaves was carried out in the presence of exogenous 

glucose (2 %) to stimulate glycolysis and 

fermentation. In the presence of exogenous glucose, no 

evidence of reversible mitochondrial damage was 

observed after 30,60 or 90 min of anaerobic incubation 

(Fig. 7A). These results suggested that mitochondrial 

damage in the absence of exogenous glucose was 

likely to have been caused by glycolyticsubstrate 

starvation and an attendant fall of ATP production during 

glycolysis. However, these experiments with glucose 

feeding do not explain how prolonging anaerobic incubation 

further under a deficiency of glycolytic substrate could 

restore (albeit temporarily) the ultrastructure of wheat leaf 

mitochondria. The most probable hypothesis is that 

synthesis and accumulation of anaerobic  proteins, 

including enzymes participating in glycolysis and  

fermentation, took place in the first 3-5 h of anaerobic 

exposure, thus accelerating glycolysis. To examine this 

hypothesis, anaerobic incubation of wheat leaves was 

carried out in the presence of cycloheximide (10
-5

 mM) to 

inhibit synthesis of anaerobic proteins. This resulted in the 

expected mitochondrial swelling after 30-90 min anaerobic 

incubation, but blocked the restoration that normally 

occurred during 3-5 h of anaerobiosis. Complete 

destruction of mitochondria in the leaves took place within 

6 h of anaerobiosis (Fig. 7B). These observations can be 

interpreted as demonstrating a key role for energy 

metabolism in reversible destruction and restoration of 

mitochondrial ultrastructure under anoxia. Both glucose 

feeding and synthesis of enzymes of glycolysis and 

fermentation as well as related enzymes of carbohydrate 

metabolism by 3-5 h of anaerobiosis are presumed to 

facilitate the substrate-enzyme reactivity resulting in 

increased ATP production and restoration of mitochondrial 

fine structure. Finally, these experiments may be considered 

as a demonstration of the general adaptive syndrome in 

plants. This phenomenon was advanced by the physician Hans 

Selye more than 50 years ago on the basis of in vivo 

observations of humans and mammals under stress. It is 

seen as a non-specific alarm reaction. In the case of anoxic 

leaves, this stage corresponds with reversible 

destruction of the mitochondria ultrastructure. This initial 

`alarm' reaction is followed by 'adaptation' (recovery of the 

mitochondrial ultrastructure) and finally 'exhaustion' (irre-

versible degradation of mitochondria under prolonged 

anaerobiosis) according to Selye's terminology (Selye, 

1950). 

P HYS IO LO G IC A L R O L E O F N ITR A TE AS   

TER M IN A L E LEC TR ON  AC C EP TOR  UND ER   

ANAEROBIC STRESS 

A possible physiological role for exogenous nitrate under 

plant hypoxia and anoxia has attracted attention from a 

fundamental metabolic point of view and, since nitrate is a 

widely used fertilizer, also from agronomists. Some 

researchers have considered nitrate reduction to nitrite and 

ammonia as a compensatory mechanism of NADH and 

NADPH oxidation in plants under hypoxia and anoxia 

(Reggiani et al., 1985, 1993; Fan et al., 1988, 1997; Muller 

et al., 1994; Oberson et al., 1999; Vartapetian and 

Polyakova, 1999). Other findings are less clear-cut. For 

example, the favourable effect of nitrate application on 

energy metabolism of anoxic maize roots (Reggiani et al., 

1985) was not seen by Saglio et al. (1988). Furthermore, a 

study of the effect of exogenous nitrate on growth and 

energy metabolism of rice, pea and wheat seedlings under 

strict anoxia revealed a deteriorative rather than protective 

effect (Ivanov and Andreev, 1992). On the other hand, 

experiments using maize roots (Fan et al., 1988) showed 

decreased accumulation of ethanol under anaerobiosis in the 

presence of nitrate. On the contrary, in rice and Carex roots, 

exogenous nitrate stimulated anaerobic respiration 

(Reggiani et al., 1985; Muller et al., 1994), while in barley 

roots, anaerobic ethanol fermentation was not affected by 

increased  nitrate reductase activity (Botrel and Kaiser,  
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FIG. 8. Ultrastructure of detached rice coleoptile mitochondria after anaerobic incubation in the presence of exogenous KC1 ( 10 mM) or KNO3 

(10 mM). A, Before anaerobic incubation (control). B, After 24 h anaerobic incubation in the presence of KCl. C, After 48 h anaerob ic 

incubation in the presence of KCI. D, After 48 h anaerobic incubation in the presence of KNO3. m, Mitochondrion. Bars = 0·5 μm. 

1997). In the light of these contradictory results, electron 

microscopy was used to follow the effect of nitrate on 

anaerobic tissue. We compared coleoptiles of rice (highly 

resistant to anoxia) with roots of pea (rapidly damaged by 

anoxia). These tissues also differed in their ability to 

metabolize nitrate anaerobically. The rice coleoptile is 

capable of reducing nitrate by an assimilative pathway, 

whereas roots of pea can reduce nitrate to nitrite by a 

dissimilative pathway. The impact of supplying nitrate 

(10 mM KNO3 compared with 10 mM KCl) was judged in 

terms of changes in fine structure of mitochondria under 

anaerobic stress. Detached organs were made anaerobic for 

3, 6 or 9 h (root), and 24 or 48 h (coleoptile). Aerobic 

coleoptile cells contained typical plant mitochondria with 

numerous cristae and an electron-dense matrix (Fig. 8A). 

Transfer to an anaerobic medium for 24 h in the presence of 

KCl resulted in membrane destruction in 50 % of 

mitochondria; cristae disappeared and the matrix became 

transparent (Fig. 8B). Complete mitochondrial degradation 

took place after 48 h anaerobic incubation (Fig. 8C). 

However, in the presence of  exogenous  ni t rate  (Fig.   

 

8D),  marked  destructive changes in mitochondrial 

ultrastructure were delayed until 48 h after the start of 

anaerobic incubation of coleoptiles, although noticeable 

non-pathological changes in ultrastructure were found, such as 

cristae becoming arranged into parallel rows. A protective effect 

of exogenous nitrate under anoxia was also found in roots of 

pea seedlings. In the absence of KNO3, distinctive destruction 

of the mitochondrial membranes was seen in 50 % of 

organelles after only 6 h without oxygen. At this time cristae 

had disappeared and the electron density of the matrix had 

decreased. After 9 h of anaerobic incubation, complete and 

irreversible degradation of all mitochondria was observed. 

However, in the presence of exogenous nitrate, no destruc-

tive changes in mitochondrial ultrastructure were observed 

even after 9 h of anaerobiosis. As in the case of rice 

coleoptiles, some organelles showed insignificant non-

pathological changes in ultrastructure. 

The results of these nitrate-feeding experiments involving 

anaerobic rice coleoptiles and pea roots contrast with the 

findings of Ivanov and Andreev (1992). The studies of 

Ivanov and Andreev (1992) were carried out under similar 
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FIG. 9. Ultrastructure of coleoptile cells after anaerobic germination of rice seeds (A, B) and after anaerobic incubation of  rice detached coleoptiles  

(C). Five-day old (A) and 8-d-old (B) coleoptiles; cytoplasm without lipid bodies. C, After 48 h incubation; lipid bodies in collapsed cells are  

indicated by arrows. m, Mitochondrion. Bars = 0·5 μm. 
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TABLE 1. Fatty acid (FA) composition (μg FA per coleoptile X 100) of rice coleoptiles after 5 and 8 d of anaerobic  

germination (primary anoxia) 

 
Coleoptile age C 16:0 C 16:1 C 18:0 C 18:1 C 18:2 C 18:3 Sum satur* Sum unsatur† DBI‡ 

5 d 177.0 ± 14.3 4.50 ± 0.5 15.5 ± 2.5 1820 ± 28.0 4170 ± 46.0 31.0•
 ± 4.5 192.5 ± 14.5 634.5 ± 54.5 1.34 

8 d 172.0 ± 21.9 4.0 ± 0.7 18.0 ± 2.9 195.0 ± 13.3 429.0 ± 22.0 31.0 ± 4.3 190.0 ± 22.1 659.0 ± 26.1 1.35  

Seeds were imbibed and germinated anaerobically in a special vacuum apparatus (Vartapetian and Polyakova, 1994) after evacuat ion of air by oil 

vacuum pump. 
Experiments were run in triplicate, each replicate comprising 100-120 coleoptiles. 

Data represent mean ± s.d. of three replicates. 
*
 Total sum of saturated FA; 

†
 total sum of unsaturated FA; 

‡
 double bond index: the sum of weight per cent of each acid multiplied by the number 

of double bonds it contains per molecule and divided by 100. 

experimental conditions but demonstrated a clearly negative 

effect of nitrate on the metabolism of the same plants (rice 

seedlings and roots of pea and wheat) under strict anoxia. 

On the other hand, our results agree with the findings of 

Reggiani et al. (1985, 1993) and Fan et al. (1988, 1997) who 

demonstrated the assimilative character of nitrate utilization 

in rice coleoptiles. They also agree with the results of 

Roberts et al. (1985), Muller et al. (1994) and Fan et al. 

(1997) who showed a favourable effect of nitrate on energy 

metabolism and stabilization of the acidity in the cytoplasm 

of roots under oxygen deficiency. 

The protective effect of nitrate under anoxia is probably 

attributable to nitrate acting as a terminal acceptor of 

electrons and protons in the absence of molecular oxygen. 

Theoretically, acceptance of the reductive equivalents 

should, on the one hand, stimulate energy metabolism 

and, on the other, prevent deteriorative effects of cytoplasm 

acidification. The latter is more probable in the case of rice 

coleoptiles where, under anaerobiosis, nitrate undergoes 

reduction through an assimilative pathway to NH4
+
 and 

amino acids. But in roots, in the absence of oxygen, nitrate 

is reduced by the dissimilative pathway to nitrite (Lee, 

1979; Botrel and Kaiser, 1997). The protective effect of 

nitrate under anaerobiosis probably results from stimulation 

of anaerobic energy metabolism due to acceptance of 

electrons and protons. 

THE PHYS IOLOGICAL ROLE OF LIP ID  

ME TAB O LIS M U NDER  ANAER OB IC  S TR ES S   

IN S EEDLINGS OF ORY ZA SAT IVA AND  

ECHINOCHLOA PHYLLOPOGON  

It has been proposed that under anoxia, anaerobically 

synthesized lipids could play a role as terminal acceptors of 

respiratory electrons and protons. In addition, unsaturated 

fatty acids esterified in lipids may also accept protons under 

anaerobic stress. The role of anaerobically synthesized 

lipids was studied in seedlings of the rice weed Echinochloa 

phyllopogon, whose germinating seeds are remarkably 

resistant to anoxia (Kennedy et al., 1980). Kennedy et al. 

(1991) found intensive accumulation of lipid bodies 

(spherozomes) in cells of primary leaves of anaerobically 

germinating E. phyllopogon. They suggested that de novo-

synthesized lipids served as electron and proton acceptors.  

This phenomenon was considered as a mechanism of  

biochemical adaptation of plants tolerant to anoxia (Fox 

et al., 1994). Indeed, experiments with lipid precursors 

([
14

C]acetate and [
3
H]glycerol) have demonstrated 

incorporation of label under anoxia into the molecules of 

phospho-, glyco- and neutral lipids in shoots of Oryza sativa 

(Vartapetian et al., 1978b) and Echinochloa phyllopogon 

(Kennedy et al., 1991). Some authors consider that 

hydrogenation of unsaturated fatty acids is an adaptive 

mechanism under anaerobic stress (Zs.-Nagy and Galli, 

1977; Chirkova, 1988). To ascertain the physiological role 

of lipid synthesis and reduction of unsaturated fatty acids in 

anaerobically germinating Oryza sativa seeds, ultrastruc-

tural and biochemical studies of lipids were carried out 

during anaerobic germination (primary anaerobiosis) and 

under conditions of secondary anaerobiosis, i.e. after 

transfer of detached shoots of aerobically germinated rice 

seeds into an oxygen-free medium. In the latter case, 

anaerobic lipid synthesis was stimulated by feeding tissues 

with exogenous glucose. There was no evidence that lipid 

body accumulation in rice seedlings took place under 

primary or secondary anaerobiosis (Fig. 9A and B). Lipid 

bodies could be observed only after 48 h anaerobic 

incubation of detached coleoptiles in the absence of 

exogenous glucose, when mitochondrial degradation took 

place along with that of other cell membranes (Fig. 9C). 

These results have been supported by biochemical studies of 

the fatty acid composition of lipids during the course of 

anaerobic germination of rice seedlings (Table 1). No 

significant effect on the qualitative and quantitative com-

position of lipid fatty acids was found in the coleoptiles after 

5 or 8 d of anaerobic germination. The same was also found 

in rice shoots subjected to secondary anaerobiosis. We 

conclude that anaerobic synthesis of lipids is unlikely to act 

as an alternative mechanism of electron acceptance. The 

same conclusion is also drawn for hydrogenation of 

unsaturated fatty acids. If this adaptive mechanism of 

electron acceptance was realized in rice seedlings under 

anaerobiosis, then the ratio of unsaturated : saturated fatty 

acids in the isolated lipids would decrease during anaerobic 

incubation. As shown in Table 1, no marked decrease in the 

double bond index took place after 5 or 8 d of anaerobiosis. 

However, these conclusions do not diminish the physio-

logical significance of anaerobic synthesis of lipids demon-

strated in the  above-mentioned experiments involving 
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labelled lipid precursors (Vartapetian et al., 1978b; 

Kennedy et al., 1991). Anaerobic synthesis of lipids 

remains an important adaptive mechanism by which a 

turnover of saturated fatty acids, phospho-, glyco- and 

neutral lipids is achieved under extreme conditions of 

oxygen deficiency.  

 

FIG. 10. Ultrastructure of callus cells of Saccharum officinarum with 
and without glucose feeding under anoxia. A, Before anaerobic 

incubation (control). B, After 96 h anaerobic incubation in the 
presence of exogenous glucose (3 %). C, After 48 h anaerobic 

incubation in glucose-free medium. m, Mitochondrion. Bars = 0.5 μm. 

 

 

 

SELEC TION OF IN VITRO CELL LINES AND  

R EGENER A TED P LA N TS  TO LER AN T O F  

ANAEROBIC STRESS 

 

The creation of plants with higher resistance to oxygen 

deficiency is an important goal of applied research in the field 

of plant anaerobiosis. Recent attempts in this direction include 

transferring a bacterial pyruvate decarboxylase gene into 

tobacco to enhance anaerobic energy metabolism 

(glycolysis and fermentation) and thus tolerance to oxygen 

deficiency (Tadege et al., 1998). Another approach to 

creating more tolerant plants is in vitro selection of anoxia-

resistant cell lines and regenerating tolerant whole plants 

from them. We have attempted this using sugar cane 

(Saccharum officinarum) and wheat (Triticum aestivum). 
Callus obtained from the meristem of sugar cane and from 

wheat embryos was first grown aerobically on Murashigi and 

Skoog medium before being incubated anaerobically in the dark 

in the presence or absence of exogenous sugar. Resistance of 

callus to anoxia was monitored by electron microscopy using 

mitochondrial structure as a marker. Post-anaerobic mitotic and 

growth activity of the cells were also assessed. In addition, the 

capacity of selected cells to produce regenerated plants 

tolerant to soil flooding was studied. As expected, EM 

studies showed a marked difference in mitochondrial 

ultrastructure in callus cells incubated anaerobically in the 

presence or absence of exogenous sugar. When glucose was 

present in the growth medium, no significant pathological 

change in mitochondrial ultrastructure of callus cells was 

observed even after 96 h of anaerobic incubation (Fig. 10B). 

In contrast, 48 h (S. officinarum) or 32 h (T. aestivum) of 

anaerobic incubation in glucose-free medium caused 90 % of 

mitochondria to show typical signs of membrane degeneration 

(Fig. 10C). A 

 

 

 

 

 

 

 

 

FIG. 11. Growth index after 1 month of post-anaerobic growth of cell  

lines of Saccharum officinarum before and after selection of tolerant  

cells. Data are means ± standard errors. 

http://deficiency.an/
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test for post-anaerobic mitotic and growth activity demon- 

strated that after 48 h without oxygen, 12 % of S. officinarum 

cells retained growth activity and were capable of mitosis. 

When anaerobiosis was extended to 72-96 h, almost all cells 

were killed. Accordingly, callus of S. officinarum that 

survived 48 h anoxia without exogenous sugar was used for 

further selection of tolerant cells. After three consecutive 

selection cycles at 48, 72 and 96 h of anaerobic incubation, 

selected surviving cells were capable of growing again when 

placed in air (Figs 11 and 12). Whole plants regenerated 

from the tolerant callus cells after 48 h of anaerobic 

incubation were tested for tolerance to soil Hooding. 

Preliminary data demonstrated that plants regenerated from 

the selected cells were more resistant to soil flooding 

compared with initial plants used for callus cell preparation. 

However, these promising results now require thorough 

confirmation and checking to determine whether tolerance 

can pass through meiosis and can be inherited through sexual 

reproduction. 

 

 

CONCLUSIONS 

The principal goal of this review has been to show the 

potential of functional electron microscopy in studies of 

plant environment stresses, particularly anaerobiosis. The 

concept of two main strategies of higher plant adaptation to 

anaerobic stress (apparent and true tolerance), first advanced 

more than 20 years ago (Vartapetian, 1978; Vartapetian 

et al., 1978a), was based on functional electron microscopy. 

It revealed the paradoxical phenomenon of hypersensitivity, 

rather then hyper-resistance, of root cell ultrastructure in 

flooding-tolerant species, and the protective rather than 

damaging role of enhanced energy metabolism (substrate 

provision and glycolysis). This view is now widely accepted 

and contrasts with the earlier metabolic theory of plant 

adaptation to anaerobiosis (McManmon and Crawford, 

1971; Crawford, 1977, 1978). Mechanisms for the realiza- 

tion of apparent and true tolerance have been studied 

intensively over the last two decades by numerous research 

groups using physiological and biochemical experiments, 

and have been discussed in several helpful reviews 

(Kennedy et al., 1992; Perata et al., 1993; Ricard et al., 
1994; Crawford and Brandle, 1996; Drew, 1997; 

Vartapetian and Jackson, 1997; Jackson and Armstrong, 

1999). There is a fundamental difference between the two 

mechanisms of adaptation. Apparent tolerance is an avoid- 

ance strategy. It is realized on the level of the whole plant 

and is based on oxygen translocation from aerated parts of 

plants to organs localized in anaerobic medium. This 

provides long-term tolerance and supports high growth 

rates in wetland species. True tolerance is based on 

metabolic adaptation. This is realized at the cellular and 

molecular level. It takes place even in the complete absence 

of oxygen and can provide short-term tolerance (several 

days or even weeks) and, in some species (e.g. rhizomes and 

leaves of amphibious Acorus calamns), can provide for 

several months' survival in the complete absence of oxygen 

(Henzi and Brandle, 1993; Crawford and Brandle, 1996) 

After selection 

FIG . 12. Post-anaerobic growth of callus of Saccharum officinarum; only selected cells lines survived anoxic treatment for 96 h. 

Before selection 
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preserving the growth capacity. Energy metabolism plays a 

key role in true tolerance. This view is supported by 

numerous experiments: (a) stimulation of glycolysis with 

exogenous sugar stabilizes markedly cell fine structure 

(Vartapetian et al., 1976, 1977) and prolongs plant survival 

under anoxia (Webb and Armstrong, 1983; Waters et al., 
1991); (b) plant transfer from aerobic to anaerobic medium 

results in synthesis of anaerobic proteins (Maslova et al., 
1975; Sachs et al., 1980) that are mostly enzymes involved 

in energy metabolism, glycolysis and fermentation (Sachs, 

1993); (c) blocking the synthesis of anaerobic proteins 

destabilizes cell ultrastructure (Vartapetian and Polyakova, 

1994) and results in a substantial decrease of anoxia 

tolerance (Subbaiah et al., 1994); (increasing plant 

tolerance to anoxia by hypoxic pre-treatment is associated 

with stimulation of glycolysis and fermentation as well as 

with improved cell energy status (Saglio et al., 1988; 

Andrews, 1997); and (e) there is a threshold for ATP 

production below which hypoxic enhancement of anoxia 

tolerance may not be possible (Xia et al., 1995; Rawyler 

et al., 1999). 

Functional electron microscopy has also demonstrated 

the existence of a general adaptation syndrome in plants and 

suggested a molecular mechanism for its realization under 

anaerobic stress. The key role of energy metabolism both in 

reversible damage and subsequent restoration of mitochon- 

drial ultrastructure is emphasized here. Results of EM 

studies, confirmed by biochemical analysis, have revealed 

unexpected differences in anaerobic metabolism of lipids in 

such seemingly similar tolerant species as germinating rice 

and Echinochloa phyllopogon. In addition, a physiological 

role for nitrate, utilized by both dissimilative and assim- 

ilative pathways under anoxia, has been demonstrated. 

Finally, functional electron microscopy has also been useful 

in in vitro selection of anoxia-tolerant cell lines and 

regenerating plants from callus. This work gives reason to 

believe that this approach, in parallel with genetic trans- 

formation, will help create plants that are better able to 

tolerate  flooding  in field conditions. 
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ABSTRACT The present work provides results of a number of biotechnological studies aimed at creating 

cell lines and entire plants resistant to anaerobic stress. Developed biotechnological approaches were 

based on earlier fundamental researches into anaerobic stress in plants, so "Introduction" briefly 

covers the importance of the problem and focuses on works considering two main strategies of plants 

adaptation to anaerobic stress. Those are adaptation at molecular level where key factor is anaerobic 

metabolism of energy (true tolerance) and adapta tion of the entire plant via formation of  aerenchyma 

and facilitated transportation of  oxygen (apparent tolerance). Thus, sugarcane and wheat cells resistant 

to anaerobic stress were obtained through consecutive in vitro selection under conditions of  anoxia and 

absence of  exogenous carbohydrates.  Tolerant wheat cells  were used to regenerate entire plants of 

higher resistance to root anaerobiosis.  It has been demonstrated that cells  toler ance to anoxia is 

significantly supported by their ability to utilize exogenous nitrate. Cells tolerance established itself  at 

the genetic  level and was inherited by further generations.  Apart from that,  other successful attempts 

to increase tolerance of plants to anaerobic stress by means of stimulation of glycolysis and 

overexpression of genes responsible for cytokinin synthesis and progra mmed cell  death are also 

discussed. The presented data proved the notion of two main strategies of plants adaptation to anaerobic 

stress proposed earlier on the base of fundamental studies .  

KEYWORDS anaerobic stress, growth index, in vitro cell selection, programmed cell death, transgenic plants, 

mitochondrial  ultrastructure.  

ABBREVIATIONS PDC — pyruvate decarboxylase; ADH — alcohol dehydrogenase; ISPA- International 

Society for Plant Anaerobiosis.  

INTRODUCTION 

As plants are obligate aerobes, oxygen deficiency 

(hypoxia) and especially its total absence (anoxia) 

cause dramatic ecological stress. Meanwhile plants 

often suffer from sudden molecular oxygen 

deprivation both under natural condition and as a 

result of human activity. Most often plants are 

subject to oxygen deprivation on hydromorphic and 

flooded soils for the oxygen's poor solubility and low 

diffusion rate in the water [1, 2]. Nowadays, there are 

vast areas of hydromorphic soils in many countries 

[3-5]. It is believed that melting of permafrost and 

polar ice, together with ensuing rise of the world 

ocean level, may lead to a flooding of numerous 

regions of the planet. Oxygen scarcity is also 

observed in firm soils [6]. In this respect, roots and 

seeds of plants are the most vulnerable. In northern 

countries and countries with a moderate climate 

winter cereals and perennials can be damaged by 

ice crust, impermeable to gas, that appears on the 

surface of soil in autumn and winter [7]. Anaerobic 

stress may damage and even lead to a total failure of 

crop and wildings thus causing considerable ecologic 

and economic losses. 

Problem of hypoxia and anoxia is also important in 

regard to long-term storage of agricultural commodi-

ties like fruits, grain, vegetables [8].  

In last decades anaerobic stress in plants has become 

a topical subject of study not only among physiologists 

and biochemists, but molecular biologists and geneti -

cists as well. Number of publications and ISPA confer-

ences devoted to study of hypoxia and anoxia in plants 

is constantly rising. Anaerobic stress has been discussed 

in numerous special issues of international journals (see 

Annals of Botany (special section). 1994. V. 74. No 3. Ed. 

Jackson M.B.; Annals of Botany (special Issue). 1997. V. 

79. Ed. Jackson M.B.; Annals of Botany (special section). 

2002. V. 90. No 4. Ed. Smirnov N.; Annals of Botany (spe-

cial Issue). 2003. V. 91. Eds Visser E., Voesenek L.A.C.J., 

Jackson M.B.; Russian J. of Plant Physiology (Special  

Acta Naturae. Vol. 6, N. 2(21), 19-29, 2014 
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Issue). 2003. T. 50. No. 6. Ed. by Vartapetyan B. B. ; 

Annals of Botany (special Issue). 2005. V. 96. Ed. 

Jackson M.B.; Annals of Botany (special Issue). 

2009. Eds Jackson M.B., Ishizawa K., Ito O.; New 

Phytologist (special Issue). 2011. V. 190. № 2. Eds 

Perata P., Armstrong W., Voesenek L.A.C.J.) Along 

with that a number of monographs [9-14] issued by 

ISPA members have had a significant impact on 

further development of this scientific trend. 

Commonly admitted notion of two main strategies 

of plants adaptation to anaerobic stress has been 

actively elaborated. The first one is molecular 

adaptation which takes place at the absence or 

lack of oxygen through fundamental 

rearrangement of the entire cell metabolism. The 

second is adaptation of the plant as an entire body 

due to transportation of oxygen from aerial parts 

to parts localized in anoxic environment (roots), that 

is escape strategy to avoid anaerobiosis. It becomes 

more and more clear that cell energy metabolism 

is a key factor in both metabolic adaptation and 

plant damage under anaerobic stress.  

High sensitivity of plants to the lack of oxygen, 

especially its total absence, can be explained by 

the fact that higher plants, being obligate aerobes, 

demand constantly available molecular oxygen in 

the environment to maintain itself. 

However, many species, mainly wildings, in the 

course of evolution acquired the ability to inhabit 

temporarily or constantly hydromorphic and even 

flooded anaerobic soils [15, 16]. The only exception 

among cultivated plants is rice — Oryza sativa L. — 

that is known to be grown mostly on flooded soils 

[17-19]. Nevertheless, it is often that even rice 

plants suffer from anaerobic stress when sprouts get 

entirely submerged as it happens in monsoon season 

in East and South-East Asia [20]. 

The fact that numerous plants in the course of 

natural evolution or due to man-made selection 

acquired an ability to inhabit temporarily or 

constantly flooded anaerobic soils makes it 

important and viable to car ry out both 

fundamental studies having their aim in finding 

out molecular mechanisms of plants adapta tion 

and applied ones in particular biotechnological 

approaches (gene and cell engineering) to creation 

of plants tolerant to anaerobic stress. However, 

researches in this field were mostly fundamental 

and they prepared serious base for more active 

studies of applied problems of anaerobiosis, in 

particular development of biotechnological methods 

of creation plants tolerant to hypoxia and anoxia, 

which was the main objective of this review. 

The present review discusses biotechnological 

approaches elaborated on the base of earlier 

fundamental studies in this field, in particular on  

the notion of two strategies of plants adaptation to 

anaerobic stress [15-17, 21, 22]. One of these approaches 

was devised from results of studies that demonstrated key 

role of anaerobic metabolism (glycolysis and 

fermentation) and carbohydrates metabolism in 

adaptation of plants to anaerobic stress [21-24]. This 

knowledge allowed to create cell lines of Saccharum 

officinarum L. [22, 25] and Triticum aestivum L. [26, 27] 

via in vitro selection in the absence of exogenous 

carbohydrates, that were more resistant to anoxia than 

original callus cells. More resistant cells of T. aestivum L. 

were further used to regenerate entire plants that occurred 

to be more tolerant to the soil anaerobiosis as their 

cultivation in ample water conditions proved. 

Experimental results on in vitro selection of plant cells 

showing protective function of exogenous nitrate as 

potential alternative acceptor of electrons in severe 

conditions of anoxia have been also reviewed [28]. 

Taking into account the role of energy metabolism in 

adaptation of plants to anaerobic stress the possibility of 

increasing plants resistance via super expression of PDC 

and ADH genes were considered [29-32]. 

Another biotechnological approach, also successfully 

applied to obtain plants resistant to hydromorphic soils 

[33], was absolutely different from already mentioned. In 

this case another widely-known fact was used, namely 

the reaction of majority plants sensitive to hypoxia and 

anoxia to anaerobic stress: flooding at an early stages 

lead to withering and aging of aboveground organs and 

only after that to death. On the other hand, it is well 

known that aging of plants is subject to hormonal regulation. 

Thus, cytokinines make substantially rejuvenate aging 

aerial organs [34, 35]. Considering these circumstances, 

there was an attempt to enhance capability of plants to 

synthesize cytokinin and thus to boost their resistance to 

anaerobic stress by means of transformation of the plant 

with ipt gene responsible for the synthesis of this hormone 

[26, 33]. 

Possibility to increase plants resistance to anaerobic 

stress was also studied in transgenic tobacco N. tabacum 
Samsun NN characterized by high activity of recently 

discovered enzyme phytaspase [36-38] mediating 

programmed cell death. An interest to transgenic tobacco 

derives from earlier studies [15, 17, 22] that demonstrated 

not the molecular metabolic adaptation but crucially 

different pattern of plant adaptation to anaerobic 

environment expressing itself in formation of aerenchyma and 

avoidance of anaerobiosis due to long-distance 

transportation of oxygen that is the adaptation on the level 

of the entire plant body. 

IN VITRO SELECTION OF SACCHARUM OFFICINARUM CELLS 

TOLERANT TO ANAEROBIC STRESS 

As it has already been mentioned the basis for this  

biotechnological approach was experimental results  



113 

 

 

 

Fig. 2. Ul-

trastructure of 
Saccharum  
officinarum L 

of callus cells 

sensitive to 

anaerobic stress. 

Under condit ion 

of anoxia and 

in the presence 

of 3% glucose. 

a — control; 
b — 96 h anaer-

obic  incubation.  

M - mitochondria 

Bars = 0.5μm 

 

Fig.1. Ultrastructure of Saccharum officinarum L callus cells 

sensitive to anaerobic stress. Under anoxia and in the ab -

sence of exogenous glucose. a — control; b — 24 h anaero-

bic incubation; c — 48 h anaerobic incubation; d — 72 h 

anaerobic incubation. M — mitochondria Bars = 0.5μm 

  

 

proving the key role of anaerobic metabolism in re -

sistance of various organs of plants to hypoxia and an-

oxia [15-17, 21-24]. Key role of anaerobic metabolism 

in resistance to anoxia and hypoxia is also confirmed 

by presented electron micrographs of ultrastructure 

of mitochondria from sugarcane callus cells that was 

transferred from aerobic medium to anaerobic in the 

absence and the presence of exogenous glucose (Fig. 

1 and 2). The stength of cells resistance to anaerobic 

stress was assessed through electron-microscopic study 

of ultrastructure of mitochondria that are highly sensi -

tive to the lack of oxygen. Oxygen deprived mitochon-

dria membranes demonstrate certain change pattern 

of ultrastructure.
 

In the absence of exogenous carbohydrates in the 

medium, ultrastructure of mitochondria and other 

organelles of cells, kept for 24 hours under anoxia 

(Fig. 1B), did not significantly differ from aerobic con-

trol (Fig. 1A). At the longer anaerobiosis (48 hours) 

more distinct features of destruction in mitochondria 

and other organelles were detected (Fig. 1C). Anoxia of 

72 hour length caused total degradation of mitochon-

dria and other cell organelles (Fig. 1D). 

On the contrary, addition of glucose in concentration 

of 3% to a medium demonstrated no destructive changes 

of mitochondria and organelles even at anaerobiosis of 

96 hours (Fig. 2B). 

Alongside the electron microscopy observations the 

ability of callus to restore its growth after anaerobic  

 

period in conditions close to normal aeration was also 

assessed. To do this, we defined callus growth index 

(the difference between the final and the initial masses 

divided by the initial) following one month of cultivat -

ing in normal conditions. 

Results of these experiments indicated the decrease 

of post-anaerobic growth index for cells in the absence 

of exogenous carbohydrates as the duration of anaer-

obiosis increases; at 96-hour anaerobiosis this index 

tends to zero (Table 1). 

Cell s  demonstra ted substant ial ly be tter  res is t -

ance to anoxia at administration of exogenous glucose 

(Table 2). 

Since the experiments with cells of sugarcane callus 

confirmed the key role of anaerobic energy metabo -

lism in formation of cells resistance to anoxia, further 

selection of tolerant callus cells [25-28] and anaerobic 

exposure were carried out in the absence of exogenous 

carbohydrates (glucose) in the medium. Only in those 

conditions when cells resistance was defined by param-

eters of anaerobic energy metabolism of endogenous 

carbohydrates one could hope to obtain cells genuinely 

tolerant to anoxia. 

From the results of trial experiments a consecutive 

in vitro selection of anoxia-tolerant cells in carbohy-

drate-free medium was derived. After 48-hour incuba-

tion 13% of cells remained capable of growing further 

in aerobic conditions. Calluses were incubated without 

oxygen for  48  hours and kept under normal aerat ion. 
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Table 1. Growth index of Saccharinum off icinarum L 

exposed to varying in length anaerobic incubation on 

glucose-free medium after cultivation under normal aera- 

tion conditions for 1 month 

Anaerobic 

incubation, h 

Growth index % of control 

0 4.63 ± 0.50 100 

6 2.35 ± 0.25 50.7 ± 5.4 

24 1.47 ± 0.15 31.7 ± 3.2 

48 0.60 ± 0.09 13.0 ± 2.0 

72 0.55 ± 0.10 11.8 ± 2.2 

96 0.16 ± 0.01 3.5 ± 0.32 

 

Table 2. Growth index of Saccharinum off icinarum L 

exposed to anaerobic incubation anaerobic incubation 

on medium containing 3% glucose after cultivation under 

normal aeration conditions for 1 month 

Fig.3. Growth index of 

Saccharum officinarum 

L sensitive and tolerant 

cells, that were, after 

anaerobic incubation, cul- 

tivated during one month 

under condition of normal 

aeration. White column - 

callus cells before in vitro 

selection. Shaded col- 

umn - callus cells after in 

vitro selection 

  6   24     48             72 

Duration of anaerobic incubation, h 

96 

Clones, formed under anaerobic incubation (48 hours), 

were then exposed to anoxia for 72 hours. From cells 

that survived the second stage of selection and under- 

went subsequent anaerobiosis for 96 hours aerobically 

growing clones were picked. Thus after three stages of 

selection we obtained a cell line of sugarcane that grew 

in post-anaerobic period under conditions of normal 

aeration more actively than original callus. Even after 

exposure to anoxia for 96 hours half of such cells re- 

mained capable of dividing, whereas the original callus 

showed such capability only after 6-hour anaerobiosis 

(Fig. 3). 

IN VITRO SELECTION OF ANOXIA-TOLERANT 

WHEAT CELLS AND REGENERATION OF ENTIRE 

PLANTS RESISTANT TO FLOODING OF ROOTS 

Similar experiments on selection of tolerant cells in the 

absence of exogenous carbohydrates were carried out 

with T. aestivum L. callus in order to regenerate the 

entire plant, resistant to flooding of roots [27]. In the 

course of selection cells exposed to anoxia were gradu- 

ally losing the ability either to grow further in aerobic 

conditions or to regenerate into new plants, so we se- 

lected cells under conditions of 32 hour anaerobiosis. In 

this case  cell  growth  index  comprised   45% ,  whereas  the 
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Fig.6. Ultrastruc 

ture of Saccha- 

rum officinarum 

L. sensitive 

callus cells under 

conditions of 

anoxia and in the 

absence of ex- 

ogenous nitrate. 

a - control; b - 

6 h anaerobic 

incubation in the 

absence of ex- 

ogenous nitrat, 

c - 24 h anaero- 

bic incubation 

in the absence 

of nitrate. M - 

mitochondria 

Bars = 0.5μm 

 

Fig.4. Growth index and percent of morphogenic Calli 

of Triticum aestivum L. after anaerobic incubation in the 

absence of exogenous glucose. Control- under aerobic 

condition 

Fig.5. Wheat plants after 8-days flooding. Control (A) 
and tolerant (B) plants 

Table 3. Survival of Triticum aestivum L plants RI and R2 

under conditions of root anaerobiosis at different tem- 

perature regimens 
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Fig.7. Ultrastruc-

lure of Saccha-

rum officinarum 

L. t sensitive 

callus cells under 

conditions of 

anoxia and in the 

presence of ex-

ogenous nitrate. 

a — control; 
b — 6 h anaero-

bic incubation; 

c — 24 h anaero-

bic incubation. 

M — mitochon-

dria Bars = 0.5 μm 

  

Fig.8. Ultrastruc-

ture of Saccha-

rum officinarum L. 

tolerant callus 

cells under con-

ditions of anoxia 

and in the ab-

sence of exog-

enous nitrate 
a — control; 
b — 24 h anaero-

bic incubation; 

c — 48 h anaero-

b ic  incubation 

M — mito-

chondria 

Bars = 0.5μm 

 

capability of regenerating a whole plants from 

tolerant cells — 18% (Fig. 4). 
Plants obtained from tolerant cells after selection 

under anoxia were tested together with controls for 

flooding of roots during 16 days at the temperature 

of 26°C. Among controls only 30% of plants 

survived, whereas among regenerants — about 

73%. 

In order to find out the genetic aspects of 

tolerance to soil anaerobiosis we sowed seeds 

acquired from regenerated  tolerant plants of  the 

f irst  generation and then assessed tolerance of 

new plants to root anaerobiosis. R1 plants obtained 

as a result of self-pollination of regenerant plants 

were examined for root flooding in soil experiment 

at the average temperature of 32 and 22°C (Table 
3). At all used temperatures survival rate among 

descendants of  regenerated plants was higher 

than that among controls.  

In the soil experiment R2 plants remained 

tolerant to the root flooding (Table 3, Fig. 5). Thus it 

was confirmed that regenerant plants inherit  

increased tolerance to flooding. 

PROTECTIVE ROLE OF NITRATE IN ANOXIA 

TOLERANCE OF S. OFFICINARUM CELLS 

OBTAINED THROUGH IN VITRO SELECTION 

 

Fu r ther  exper i men ts  on  anoxia  to le r an t  c e l l s  

o f  S .  o f f ic inarum,  i so l a ted  in  the  course  o f  

se lec t ion ,  and  ca l lus  ce l l s  as  con t ro l  were  an  

a t t empt  to  f ind  ou t  poss ib le  ro le  o f  exogenous  

n i t ra te  (NO 3
-
)  as  p ro tec t i ve  f ac to r  a t  anae rob ic  

incuba t ion  o f  ce l l s  [ 28 ] .  P revious  s tud ies  ca r -  
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ried out on whole plants and separate organs 

showed mobilization and utilization of exogenous 

nitrate to play significant role in plants tolerance at 

the absence of molecular oxygen [39-44]. 

Electron microscopic examination of cells of 

original sugarcane callus (control) showed their 

high sensitivity to anoxia in the absence of nitrate 

in the medium (Fig. 6). Although 6-hour anaerobic 

incubation did not cause any serious damage to 

mitochondria membranes, following 24-hours of 

anaerobiosis we observed not only damaged 

membranes, but entirely degraded both mi-

tochondria and other cell structures (Fig. 6C). 

In the presence of exogenous nitrate callus 

cells of the control intolerant line were 

demonstrated to have increased anoxia tolerance. 

Even at the 24-hour anaerobiosis were detected no 

obvious signs of membrane degradation in 

mitochondria and other organelles (Fig. 7C). 

Substantial destruction of mitochondria mem-

branes close to degradation was observed at 

longer anaerobiosis (48 hours). 

Cells of tolerant line obtained through in vitro 

selection even in the absence of nitrate in the 

medium were significantly more resistant to anoxia 

than original cells (Fig. 8). Anaerobic incubation of 

cells during 24 hours did not cause destruction of 

membranes (Fig. 8B). Only after 48 hours of 

anaerobiosis evident signs of mitochondrial 

destruction were recorded (Fig. 8C) and only 

 

Fig. 9. Ultrastructure of Saccharum officinarum L. tolerant 
callus cells under conditions of anoxia and in the 
presence of exogenous nitrate. a— 24 h anaerobic 

incubation; b, c —48 h anaerobic incubation; d — 72 
h anaerobic incubation. M — mitochondria Bars = 

0.5μm 

 

after 72 hours when the cells ultrastructure completely 

degenerated. 

The most serious distinctions between callus lines 

were revealed at the anaerobic incubation of tolerant 

cells isolated through in vitro selection in the presence 

of nitrates in the medium. Mitochondria ultrastructure of 

such cells remained intact even after 48-72 hours of 

anaerobiosis (Fig. 9B, C, D) except for small non-path-

ological morphologic changes. However, these changes in 

ultrastructure and morphology were not destructive even 

after 72 hour exposure (Fig. 9D). 

Along with the monitoring of the cells ultrastructure 

under conditions of anaerobiosis in the presence and in 

the absence of nitrate we also monitored growth of cells 

from the sensitive and the resistant lines of callus in 

post anaerobic period. In the mentioned period growth 

of the sensitive cells in the nitrate -free medium was 

considerably suppressed. Supplement of nitrate did 

not make callus of the sensitive line to grow much bet ter. 

For instance, following 48-hour of anoxia accretion 

comprised only 10% of the control level for nitrate-free 

medium and 16% for the full medium. Adding nitrate 

to the medium significantly favors growth of tolerant 

cells. Thus, after 48 hours of anaerobiosis callus mass 

grew 18% bigger in the nitrate-containing media than in 

the nitrate-free medium (Fig. 10). In the presence of 

nitrates tolerant cells remained able to grow even after 

72 hours of anoxia, whereas in the nitrate-free medium 

such growth was not detected. 

As far as calluses of the sensitive line are concerned, 

their exposure to anoxia stipulated considerable de -

crease of the growth index and compared to resistant 

line protective role of nitrate was expressed signifi -

cantly weaker. 

Thus, the gained results clearly indicate that under 

conditions of anoxia, exogenous nitrate serves a protective 

factor both in control cells and in cells obtained via in 

vitro selection in the absence of molecular oxygen. 

However, in cells acquired through in vitro selection 

protective function of exogenous nitrate was considerably 

stronger than that in original (control) cells.  

Recent publications confirming positive influence 

of nitrate on plants exposed to hypoxia and anoxia 

showed similar results in the absence of nitrate, but in 

the presence of trace amount of nitrite in the medium 

[45-47]. These results let us assume that protective action 

of nitrate in the absence of oxygen is stipulated by 

electron-acceptor function of not nitrate, but, more likely, 

that of nitrite or by signal function of NO2
-
 that is 

formed from nitrate under anaerobiosis. On the other hand, 

as it was demonstrated in Hill laboratory [47] under 

conditions of hypoxia, as a result of NO2
-
 reduction, 

mitochondria synthesize ATP, likely one of the most 

important protective factors of both nitrite and nitrate,  
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Fig. 10. Growth index of 

Saccharum officinarum 

L. tolerant and sensi -

tive cells after anaerobic 

incubation. The figures 

indicate the duration (h) 

of anaerobic incubation of 

callus cells in the presence 

and in the absence of 

nitrate Control — aerobic 

condition 

 
 
 
 

the latter being a source of nitrite under conditions of 

hypoxia and anoxia. 

One should pay attention to the following trait of 

tolerant cells obtained through consecutive in vitro se-

lection under anoxia stress: in the presence of nitrate 

anoxia tolerance of selected cells is significantly higher 

than that of original cells used for selection [28]. This 

observation entitles us to assume that anoxia 

tolerance of S. officinarum cells substantially rose in 

the course of selection defined by glycolytic reactions 

along with processes of nitrate and, probably, nitrite 

utilization, under such harsh conditions.  

It appears viable to devote further attempts to 

finding out physiological function of nitrite formed 

from nitrate as potential alternative electron acceptor 

or signal factor in the course of anaerobic incubation of 

callus cells. 

ATTEMPTS TO BOOST THE RESISTANCE OF 
TRANSGENIC PLANTS TO ANAEROBIC STRESS 

BY MEANS OF STIMULATING THE ACTIVITY OF 

GLYCOLYTIC ENZYMES (PDC AND ADH) 

On the assumption that anaerobic energy metabo -

lism is a key factor in metabolic acclimation of 

plants to anaerobic stress [15, 21, 22, 48-53], there 

were numerous attempts to raise plants tolerance to 

hypoxia and anoxia by enhancing alcoholic 

fermentation with overexpression of genes of 

glycolytic enzymes in transgenic plants [29-32]. 

The results of the first experiments were somewhat 

controversial [29-31]. Experiments on the activity of 

alcoholic fermentation enzymes  (PDC and  ADH) in  

transgenic Arabidopsis  [32] appeared especially 

interesting. Compared to tobacco roots [30], 

transgenic Arabidopsis with introduced PDC 

construct exhibited not only higher speed of 

alcoholic fermentation, but also greater resistance to 

hypoxia than control plants [32]. Unlike PDC trans-

genic Arabidopsis, plants with ADH  transgene and, 

respectively, higher ADH activity, did not demon -

strate  the increase in tolerance, although mutation in 

adh1 gene substantially enhanced accumulation of ac-

etaldehyde and dramatically reduced the resistance to 

the hypoxic stress. High sensitivity and vulnerability 

of ADH mutant of Arabidopsis under hypoxia stress 

could be stipulated by accumulation of acetaldehyde, 

amount of which sharply rose in ADH deprived cells, 

and, consequently, by possibility of reduction of acet -

aldehyde to ethanol and thus protection of cells of its 

toxic effect. Along with that one cannot totally neglect 

the accumulation of pyruvic acid in these conditions 

that may to some extent lead to LDH-mediated accu-

mulation of lactate in toxic concentrations. By admin-

istration of 3% sucrose authors demonstrated that the 

increase of resistance requires plants to be provided 

with substrate. This conclusion correlates the results 

of our earlier experiments [21] and works of other au-

thors [48-57]. On the base of mentioned studies [32] 

it was concluded that PDC activity closely associated 

with the intensity of carbon flow in alcoholic fermen-

tation and defines tolerance to hypoxia stress, i.e. PDC 

directly regulate alcoholic fermentation. Thus, 

results of Arabidopsis experiments [32] also confirm 

the idea that energy metabolism is a key factor to the 

true resistance of plant cells to anaerobic stress.  
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Table 4. Change of linear dimensions and yield of ipt-

transgenic and control wheat plants exposed to 14 day 

root flooding (in relation to unflooded plants) 

 

Parameters,  
% of control 

Control  

plants 

Transgenic 

plants 

Average plant height  

increment over 14 days  

of root flooding 

37 51 

Portion of heads  

with seeds 
33 89 

Average seed  

weight 
26 46 

Yield 

 

2 

 

36 

 
ROOT FLOODING RESISTANCE OF TRANSGENIC 

PLANTS EXPRESSING THE AGROBACTERIUM ipt GENE 

Alongside finding means to increase the tolerance of 

wheat to anaerobic stress by in vitro cell selection in 

the absence of exogenous sugars and oxygen there was 

an attempt to obtain wheat plants more tolerant to root 

flooding by introducing isopentenyltransferase gene 

(ipt), coding key enzyme of cytokinin biosynthesis path-

way [26]. The interest to stimulation of cytokinnin syn-

thesis under anaerobic stress was dictated by the fact 

that cytokinin significantly contributes to preventing 

plants aging [34, 35]. It is commonly known that above-

ground organs of oxygen-deprived plants on flooded 

soils are characterized by signs of premature aging like 

chlorosis, leaf fall and lesions [58, 59]. That is why there 

were attempts to slow down aging of transgenic Ara-

bidopsis and wheat by stimulating cytokinin synthesis 

and thus to improve tolerance to anaerobic stress [26, 

33, 60]. Level of isopenteniladenin recorded in trans-

genic wheat obtained in our experiments in conditions 

of flooding of roots was 30 times higher than that in 

untransformed plants. The impact of hormonal balance 

under anaerobic stress in transgenic and control plants 

was observed during the entire ontogenesis [26, 33]. 

In wheat experiments tolerant criteria were growth 

of the above -ground mass o f transgenic and con -

trol plants and grain harvest under conditions when 

the root zone of plants had been flooded for 14 days 

(Table 4). As it can be seen from the presented data, 

growth of the above-ground organs in control plants 

was considerably slower than that in transgenic plants 

with introduced ipt gene. Difference between the crop 

yield in experimental and control plants was even more 

striking. Yield was defined as the weight of crop (in 

gramms) harvested from 1 m
2
 of soil (g/m

2
). 

Alongside the mentioned we also monitored the ac -

tivity of antioxidant enzymes (superoxide dismutase 

and catalase) and accumulation of malondialdehyde in 

control plants and in plants with introduced 

Agrobacterium ipt gene. By the end of the 

flooding period the amount of malondialdehyde 

found in transgenic plants was 32% lower than 

that in controls. On the contrary, activity of 

superoxide dismutase and catalase in trans-genic 

wheat remained high during the entire hypoxic 

period, whereas in controls it was falling from the 

sixth day of the root flooding. These data is 

evidence that transgenic plants under hypoxia 

suffered less stress than controls. 

Similar to results of Arabidopsis experiments 
[60], provided data indicate the positive effect 

of stimulation of cytokinin synthesis under 

anaerobic stress.  

 

ON THE POSSIBLE ROLE OF APOPTOTIC 

PROTEASE (PHYTASPASE) IN THE 

INCREASE OF TOBACCO 

PLANTS TOLERANCE TO ANAEROBIC STRESS 
Programmed cell death play a critical role both 

in development of plants and their reaction to 

stress inc lud ing defense  agains t  pa thogenic 

agen t s  [ 6 1 -6 7 ] .  As  i t  h a s  b een  me nt io ned  

e a r l i e r ,  o n e  o f  t h e  m a i n  s t r a t e g i e s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. The rate of hydrolysis of phytaspase 
flurogenic peptid substrate (Ac-VEID — AFG) in 
tabaco leaves extracts. Transgenic (red) and wild 
(blue) plant tips 
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Fig.13. Rhizogenous of tabaco cuttings after 17 days of 

experiment start ing. W ild (blue) and transgenic (red) 

plants 

120 ■ 

■ 
Fig.12. Rhizogenous of tabaco cuttings after 17 days of 

experiment starting. Wild (A) and transgenic (B) plants 

 

of plants adaptation to hypoxia and anoxia is to 

avoid anaerbiosis by formation of spaces in 

roots (aerenchyma) as a result of apoptosis of a 

certain part of cells. Aerenchyma substantially 

alleviates long-distance transportation of 

oxygen from above-ground organs of plant to 

roots and rootstocks resting in anaerobic envi-

ronment. Thus, it allows plants to survive even 

on the flooded soils. 

However, aerenchyma forms mainly in wild 

species inhabiting flooded anaerobic soils. As 

cultivated plants do not possess such advanced 

ability to form aerenchyma, anaerobiosis often 

damages and kills them. Hence, of particular 

interest is recently discovered apoptotic protease 

phytaspase [36, 68-70], involved into 

programmed cell death in plants, the very same 

process during which aerenchyma forms. That is 

why in present work we tried to find out with the 

help of plants transformed with phytaspase gene 

whether it is possible to use this enzyme for 

formation of aerenchyma and thus to increase 

tolerance to hypoxia and anoxia in those 

cultivated species that do not possess such ability 

or possess a weakly developed one. 

In order to do this we used transformed plants 

of Nicotianum tabacum expressing phytaspase 

gene and wild tobacco plants as control to 

compare their phenotypical and anatomical traits. 

Phytaspase activity in transgenic plants was 3 times 

higher than that in wild plants (Fig. 11). 

Results of trial experiments performed while 

trans-genic and control plants were developing  

 

Table 5. Intercellular space area in the roots of transgenic 

and control plants under normal aeration and under root 

anaerobiosis 

Experimental  

conditions 

Intercellular space area /  

Total area of root core parenchyma 

Control plants  

(wild type) 

Transgenic  

plants 

Normal aeration 3.53 ± 0.28 2.92 ± 0.68 

Root anaerobiosis,  

48h* 
4.07 ± 1.1 11.45 ± 2.35 

 

* The roots were flooded 5 cm above the soil surface  
 
 
 
 

 

evidenced considerable differences even in conditions 

of normal aeration of the root zone and especially 

during rhisogenesis when shoots were put in water for 

17 days (Fig. 12, 13). In transgenic plants the mentioned 

process went considerably active. The same concerned 

seed sprouting, growth of leaves and stems of young 

tobacco plants. All mentioned processes were twice 

active in transgenic plants.  

Another question of our special interest was com-

parative analysis of anatomy of roots of transgenic and 

control plants as the enhanced activity of phytaspase, 

responsible for the programmed cell death was expected 

to contribute to formation of aerenchyma in roots of 

transgenic plants and to increase tolerance to the root 

anaerobiosis. 
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However, quantitave evaluation of intercellular 

spaces in the cross sections of roots of both transgenic 

plants and controls under normal aeration did not re- 

veal significant differences. 

As far as soil flooding is concerned, when roots suffer 

from anaerobic stress, intercellular spaces in transgenic 

plants were proved to be greater than those in controls 

by results of trial experiments (Table 5). 

Consequently, results of trial experiments that re- 

quire more thorough consideration and confirmation 

indicate that increased activity of phytaspase, involved 

into the programmed cell death, is favorable for for- 

mation of intercellular spaces (aerenchyma) in roots of 

transgenic plants under hypoxia. 

CONCLUSION 

The present review is devoted to results of a number 

of experimental works in the course of which authors 

elaborated biotechnological approaches, including ge- 

netic engineering and methods of cell selection in vitro, 

to create plants tolerant to anaerobic stress. These approaches 
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ABSTRACT 

The review covers the recent fundamental and applied investigations in plant anaerobic stress under 

hypoxia and anoxia. Special attention is paid to the concept of the two main strategies of plant 

adaptation to anaerobic stress and also to biotechnological investigations. In accordance with 

this concept and using in vitro cell selection and gene engineering approaches, plants cells and whole 

plant tolerant to anaerobic stress were obtained for the first time. The obtained results allow the 

conclusion on establishment of a new avenue of research in ecological biology and biotechnology. 

KEYWORDS: adaptation, anoxia, cell selection, hypoxia, programmed cell death, transgenic plants 

1. Introduction 

Plants are obligate aerobic organisms, i.e., they need 

in a constant consumption of molecular oxygen from 

the environment. Oxygen shortage in the environment 

(hypoxia) and especially its complete absence 

(anoxia) are extreme conditions for plants, which 

result in plant anaerobic stress (Vartapetian and 

Jackson, 1997). Most often plant suffers from oxygen 

deficiency on excessively wet and flooded soils, 

which occupy vast areas on our planet due to the low 

solubility and low diffusion rate of oxygen in the 

water (Magneschi and Perata, 2009; Jackson and 

Ram, 2003). 

Anaerobic stress often leads to damage and 

even mass death of both crops and wild flora, thereby 

causing significant environmental and economic 

damage in many countries of the world (Visser et al. 

2003; Setter et al. 2009). However, many plant 

species readily inhabit waterlogged and even flooded 

anaerobic soils (Steffens et al. 2011; Jackson et al. 

2009; Kawano et al. 2009). Therefore, the elucidation 

of the mechanisms of some plant species damage, as 

well as other plant species adaptation to the extreme 

conditions are of great interest not only from the 

point of view of fundamental science, but also in  

 

 

 

connection with the applied aspects of creating plants  

tolerant to hypoxia and anoxia (Vartapetian et al. 

2014). During the last decades a substantial success 

was attained in this respect. The most important 

results obtained in the field of ecological biology and 

biotechnology will be briefly presented in this mini-

review. 

2. Fundamental aspect.  

Active fundamental and applied research of plant 

anaerobic stress, in contrast to the other 

environmental stresses (low and high temperature, 

salt and water stresses, biotic stresses), has been 

started only recently.  Nevertheless, due to the 

rapid development of research in this area of 

environmental biology, significant progress in 

understanding of the  mechanisms of both plant injury 

and adaptation to hypoxia and anoxia was achieved 

(Vartapetian et al.1974, 2014; Igamberdiev and Hill, 

2009; Perata et al. 2011; Atwell et al. 2014) 

An increased interest of the scientific 

community to this problem is evidenced by numerous 

specialized scientific symposia and conferences 

(Table 1) devoted to the phenomenon of plant 

anaerobic stress, which were organized during the last 

decades in various countries under the leadership of 

the members of International Society for Plant 

Anaerobiosis (ISPA). 
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To date, the interest to this phenomenon has 

sharply increased not only among plant physiologists and 

biochemists, but also among molecular biologists and 

geneticist. Proceedings of the mentioned international 

meetings are regularly published as monographs or as 

special issues of international journals (Table 2). 

The focus of the fundamental research is primarily a problem 

of plant adaptation to low-oxygen stress. The results of to date 

conducted studies confirmed and significantly developed the 

concept of the two main strategies of plant adaptation to 

anaerobic stress, developed earlier on the basis of  

fundamental  studies  in  this  field: (1) the  adaptation at 

the level of the whole organism occurring due to long-

distance oxygen transport from aerated plant parts to the 

organs (roots, rhizomes) localized in the anaerobic 

environment, i.e., adaptation by the avoidance of 

anaerobiosis, and (2) metabolic adaptation implemented 

at the molecular level under conditions of hypoxia and 

anoxia (Vartapetian and Jackson, 1997; Magneschi and 

Perata, 2009; Jackson and Ram, 2003; Visser et al. 2003; 

Setter et al. 2009). Plant capability to form the intercellular 

space (aerenchyma), that facilitates the long-distance 

oxygen transport, plays an important role in the function of 

adaptation mechanism by avoidance of anaerobiosis
 

(Armstrong and Armstrong, 2011). Anaerobic energy 

metabolism (glycolysis and fermentation) plays a key role in 

adaptation at the molecular level
 
(Vartapetian and Jackson, 

1997). 

3. Biotechological aspect 
Advances in the fundamental research of the mechanisms 

for realization of the above-mentioned two- main strategies 

of plant adaptation to anaerobic stress served as the basis for  

 

development of a number of biotechnological methods for 

creating plants tolerant to hypoxia and anoxia in the last 

decade. In particular, in in vitro experiments with the 

sugarcane Saccharum officinarum L. cells the stepwise 

selection of the cells tolerant to anoxia in the carbohydrate-

free medium resulted in selection of the cells with 

considerably improved tolerance to anoxia, as compared to 

the initial cells (Stepanova et al. 2002; Vartapetian et al. 2003).
 

Wheat Triticum aestivum L. cells tolerant to anoxia were 

obtained in a similar way
 
(Stepanova et al. 2010). The plants 

regenerated from tolerant wheat cells were more tolerant to 

root flooding than plants regenerated from initial cells, 

which were not subjected to in vitro selection. It was 

demonstrated that wheat plant tolerance to anaerobic stress 

was inherited by successive plant generations. 

The following experiments demonstrated that 

exogenous nitrate played an essential role in improved 

tolerance of the Saccharum officinarum L. cells selected in 

sugar-free medium (Vartapetian et al. 2012). In selected 

cells exogenous nitrate was utilized under anoxia much 

more actively than in initial cells before selection. 

Based on the concept of the key role of glycolysis 

and ethanol fermentation in plant tolerance to anaerobic 

stress, some attempts were made to improve plant cell 

tolerance to anaerobic stress by enhancing ethanol 

fermentation in transgenic cells (Bucher et al. 1994; Tadege 

et al. 1998, 1999; Quimio et al. 2000; Rahman et al. 2001; 

Ismond et al. 2003.) In this regard the results of the studies 

with Arabidopsis are particularly noteworthy
 
(Ismond et al. 

2003.). In transgenic Arabidopsis plants overexpressing 

pyruvate decarboxylase gene (pdc) a substantial increase 

both in ethanol fermentation and tolerance to anaerobic 

stress was observed. 

 

 

Table 1. International symposia and conferences organized by members of ISPA 

 
Year Country Organizers 

1975 USSR (XII IBC*) B.B. Vartapetian 
1985 USSR (UNESCO) B.B. Vartapetian 
1985 United Kingdom R.M.M. Crawford 
1986 United States D.D. Hook 
1987 Switzerland R. Brändle 
1992 Iceland (UNESCO) B.E. Gudleifsson 

1992 United Kingdom (NATO) M.B. Jackson, C.R. Black 
1993 Japan (XV IBC*) M.B. Jackson 
1994 United Kingdom R.M.M. Crawford 
1995 Finland S. Pulli, B.V. Fagerstedt 
1995 United Kingdom M.B. Jackson 
1998 USA T.T. VanToai 
1999 USA (XV1 IBC*) J.L. Seago, W. Armstrong 
2001 The Netherlands - (Green Cross) A.C.J. Voesenek, E.J.W. Visser, 

M.B. Jackson, C.W.P.M. Blom 
2004 Australia T.D. Colmer, H. Greenway,  

T.L. Setter 
2007 Japan K. Ishizawa 

2010 Italy P. Perata  

2013 Philippines А. Ismail 
* International Botanical Congress
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Table 2. Monographs and collected papers on plant hypoxic and anoxic stresses edited and published by 

ISPA members 

 
Year Title, Publishing house Editors 

1978, 
1980 

Plant Life in Anaerobic Environments ,Ann Arbor 
Science, Michigan (1st, 2nd Editions) 

D.D. Hook, R.M.M. Crawford  

1987 Plant Life in Aquatic and Amphibious Habitats, 
Blackwell, Oxford 

R.M.M. Crawford 

1988 The Ecology and Management of Wetlands, Croom 
Helm, London 

D.D. Hook et al. 

1991 Plant Life under Oxyge n Deprivation, SPB Academic, 
The Hague 

M.B. Jackson, D.D. Davies, H. 
Lambers 

1993 Interacting Stresses on Plants in a Changing 
Climate, NATO ASI series, Springer-Verlag, Berlin 

M.B. Jackson, C.R. Black 

1994 Oxygen and Environmental Stress in Plants, 
Proceedings of the Royal Society, Series B v.102, 
Edinburgh 

R.M.M. Crawford, G.A.F. Hendry, B.A. 
Goodman 

1994 Special Section of Annals of Botany v. 74 M.B. Jackson 
1997 Special Issue of Annals of Botany v.79  M.B. Jackson 
2002 Special Section of Annals of Botany  v.90  N. Smirnoff 
2003 Special Issue of Annals of Botany   v.91  E. Visser, L.A.C.J. Voesenek, M.B. 

Jackson 
2003 Special Issue of Russian Journal of Plant Physiology 

v.50 
B.B. Vartapetian 

2005 Special Issue of Annals of Botany   v.96  M.B. Jackson, T. Colmer 
2009 Special Issue of Annals of Botany   v.103  M.B. Jackson, K. Isizawa, O. Ito 
2011 Special Issue of New Phytologist  v.190 P.Perata, W.Armstrong, 

L.A.C.J.Voesenek 
 

     The results of experiments with the insertion 

of the ipt gene responsible for cytokinin synthesis in an 

attempt to improve plant cell tolerance to anoxia are 

also of interest (Zhang et al. 2000; Tereshonok et al. 

2010). Cytokinin is known to retard cell senescence
   

(Lomin et al. 2012). 

Under root flooding clear signs of senescence 

and following plant death were observed. Furthermore, 

activation of cytokinin synthesis in transgenic 

arabidopsis and wheat plants resulted in marked 

increase in the plant tolerance to anaerobic stress 

induced by root flooding
 

(Zhang et al. 2000; 

Tereshonok et al. 2010). 

Finally, the results of recent attempts to enhance 

plant tolerance to anaerobic stress should be noted, 

which are based on the principally other approach to 

this problem, namely by the avoidance of anaerobic 

stress. The avoidance of anaerobiosis is achieved due 

to facilitated long-distance oxygen transport from 

aerated above-ground organs to the roots experiencing 

sharp deficiency in oxygen uptake from the 

environment. Since facilitated long-distance oxygen 

transport in plants is attained due to the formation of 

aerenchyma, the recently discovered enzyme 

phytaspase
 
(Vartapetian et al. 2011; Chichkova et al. 

2012), which is responsible for programmed cell death 

(apoptosis) in the plant organs, was of special interest 

in this context. It is known that aerenchyma formation  

 

takes place only in some, mainly wild, plant species 

inhabiting flooded soils that are not a suitable habitat 

for the majority of crops. To stimulate aerenchyma 

formation and thus improve tolerance to anaerobic 

stress tobacco Nicotiana tabacum plants, which do not 

have the property to form aerenchyma, were used. 

Experiments with flooding of the root zone of 

transgenic lants with inserted phytaspase gene and 

wild-type tobacco plants showed that in fact, under the 

conditions of root zone flooding the area of 

aerenchyma in the roots of transgenic plants increased 

three-fold compared to the wild-type plants. Transgenic 

plants demonstrated higher tolerance to anaerobic 

stress induced by root zone flooding as compared to 

wild-type plants in full accordance with observed 

anatomical structure of the roots. 

4.  Conclusion 

Brief analysis of the most important results of 

fundamental and applied investigations of the 

phenomenon of plant anaerobic stress suggests the 

conclusion on establishment of a new avenue of 

research in the field of environmental biology and 

biotechnology. It is important to emphasize that, on the 

one hand, described fundamental research in ecological 

biology served as the basis for development of a 

number of mentioned biotechnological methods used 

for the creation of plant cells and whole plants tolerant 

to hypoxia and anoxia. On the other hand, the results of  
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described successful biotechnological studies obtained 

during the last decade supported the concept of two 

main strategies of plant adaptation to anaerobic stress 

and the key role of anaerobic metabolism in plant cell 

tolerance to hypoxia and anoxia, which was based on 

fundamental investigations. This implies that the 

results of recent biotechnological studies discussed in 

this review are also important for fundamental science 

of the plant life under conditions of hypoxia and 

anoxia. 
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ABSTRACT 

This paper is dedicated to Professor Boris Vartapetian's 85th anniversary. Special attention is paid to the scientific contribution of Prof. 
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of the International Society for Plant Anaerobiosis and in facilitating its successful activities at the international level over 30 years. 
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PROFESSOR BORIS  B. VARTAPETIAN 

 

Professor B.B. Vartapetian, a well-known Russian plant 

physiologist and biochemist, has been involved for nearly 

60 years in investigating molecular mechanisms of oxygen 

metabolism and plant anaerobic stress phenomena. 

The early scientific activities of B. B. Vartapetian date 

back to the 1950s, when he was a biology student at Mos- 

cow State University. These studies were guided by Pro- 

fessor A. L. Kursanov, a Member of the USSR Academy of 

Sciences, in the A. N. Bakh Institute of Biochemistry, USSR 

Academy of Sciences, and dealt with an investigation of the 

physiological role of CO2 of rhizospheres that is transported 

from the root system into the above-ground plant organs 

and participates in photosynthesis. The results were pub- 

lished in 1952 in the Proceedings of the USSR Academy of 

Sciences. After graduating from Moscow University (1952) 

he entered the post-graduate programme of the A. N. Bakh 

Institute of Biochemistry, and continued his research under 

the direction of Professor A. L. Kursanov, becoming in- 

volved in the study of plant oxygen metabolism. In this 

post-graduate period Boris Vartapetian was particularly 

active in efforts to develop methods for working with the 

stable oxygen isotope 
18

O in biological experiments. 

In 1956, after the defense of a thesis entitled "Study of 

Oxygen Metabolism in Plants", Boris Vartapetian was en- 

listed in the K A. Timiryazev Institute of Plant Physiology 

of the Russian Academy of Sciences as a junior researcher. 

In subsequent years he continued his studies in the field of 

oxygen metabolism and in 1966 defended his doctoral 

thesis "The role of atmospheric oxygen and water in plant 

metabolism" In 1972 he was awarded the title of Professor. 

By now he had published 250 scientific publications inclu- 

ding three monographs. 

Throughout his scientific life, Professor Vartapetian has 

principally concentrated his research in two main fields: 

metabolic pathways of atmospheric and water oxygen, and 

anaerobic stress phenomena in plants. 

In his early studies Professor Vartapetian made frequent 

use of the heavy oxygen isotope 
18

O2 and H2
18

O in investi- 

gations of oxygen metabolism in plant and animal orga- 

nisms. In particular he succeeded, using stable oxygen, as 
18

O2  and  H2
18

O,  to demonstrate in experiments with intact 

plants (wheat), that molecular oxygen absorbed in the course 

of respiration is used as a terminal electron acceptor while 

oxygen in CO2 respiration originates from water. Professor 

Vartapetian advanced a new hypothesis (oxygenase mecha- 

nism) on vitamin A biosynthesis from its precursor (β-caro- 

tene), as demonstrated in experiments with animals (rats) 

using a micro- method of 
18

O8 assay in the nuclear reaction 
18

O8 (α, n γ) 
21

 Ne10 in the cyclotron. This scientific dis- 

covery has entered into biochemical reference books and 

textbooks and is reflected in metabolic maps. The enzyme 

responsible for this transformation (β-carotene 15-15 dioxy- 

genase) was isolated soon afterwards. The use of 
18

O2 en- 

abled B. B. Vartapetian, in experiments with animals (silk- 

worm Bombyx mori and Eurygaster integriceps Put.) and 

plants (wheat Triticum aestivum, cacti Cereus hexagonus), 
to demonstrate for the first time the biosynthesis and ac- 

cumulation of endogenous water resulting from 
18

O2 fixa- 

tion in the course of respiration and to assess the role of 

biosynthetic water in water balance of the studied orga- 

nisms. His original ideas on recycling during respiration 

and photosynthesis in succulents (cacti) leading to the con- 

tinuous biosynthesis and utilization of endogenous water 

under conditions of prolonged water stress have been subse- 

quently confirmed by American and Australian researchers. 

Professor Vartapetian and his co-workers gained inter- 

national recognition in the field of basic science especially 

in the study of anoxia and hypoxia in plants. He also had a 

significant role in the foundation of a new scientific disci- 

pline in the field of ecological biology - namely, plant an- 

aerobic stress. The principal scientific achievements of Pro- 

fessor Vartapetian and his co-workers in this area are as fol- 

lows: discovery of a paradoxical phenomenon - hyper- 

sensitivity rather than hyper-resistance to anaerobic stress 

of root cells of plants inhabiting waterlogged and flooded 

soils (for instance, rice Oryza sativa), leading him to con- 

clude that tolerance of these plants and their capability to 

grow readily on flooded, anaerobic soils could be explained 

by their ability for long-distance oxygen transport, that is, 

they avoided anaerobiosis; demonstration that stimulation 

of glycolysis and fermentation upon feeding plant cells exo- 

genous sugars had a protective effect even under conditions 

of strict anoxia. From this, he formulated a provision of the 

key role of energy metabolism in plant metabolic adaptation 
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to hypoxia and anoxia. Based on these fundamental provi- 

sions Professor Vartapetian introduced the concept of two 

principal strategies of higher plant adaptation to conditions 

of anaerobic stress namely, true tolerance which is achieved 

at the molecular level due to rearrangement of metabolism 

during an absence or deficiency of oxygen (metabolic adap- 

tation), and apparent tolerance, resulting from changes at 

the organ level, such as aerenchyma formation, that allow 

for long distance oxygen transport and an avoidance of an- 

aerobiosis. Based on the provision of the key role of energy 

metabolism (glycolysis and fermentation) in plant meta- 

bolic adaptation to anaerobic stress, several laboratories 

developed biotechnological methods (gene and cell engi- 

neering) for the creation of plants more tolerant to anoxia 

and hypoxia. In particular, Professor Vartapetian partici- 

pated in the development of biotechnological methods of in 

vitro selection (in nutrient medium free of exogenous car- 

bohydrates) of plant cells tolerant to anoxia. The subsequent 

regeneration of whole plants from such selected cells of 

Saccharum officinarum and Triticum aestivum resulted in 

plants more tolerant to soil flooding. Furthermore, the 

above-mentioned studies demonstrated that enhanced toler- 

ance of plants regenerated from selected plant cells had a 

genetic basis that was inherited by subsequent generations. 

Professor Vartapetian and his co-workers demonstrated, and 

then first reported at the XII International Botanical Con- 

gress (1975) the de-novo formation of seven stress proteins 

in rice coleoptile under anoxia. It is well-known, that induc- 

tion of the synthesis of a number of stress proteins in plants 

was demonstrated and fundamentally studied in detail in 

subsequent investigations of other researchers in relation to 

both anaerobic and to other ecological stresses. In addition, 

the major impact of anaerobic proteins on plant adaptation 

to hypoxia and anoxia was also demonstrated. Notable re- 

sults in recent years from Professor Vartapetian's group are 

as follows: the physiological role of exogenous nitrate as a 

protective factor under conditions of plant anaerobic stress, 

which was demonstrated with the use of functional electron 

microscopy; elucidation of the role of anaerobically synthe- 

sized lipids and unsaturated fatty acids as terminal electron 

acceptors under conditions of strict plant anoxia. Professor 

Vartapetian and his coworkers also demonstrated the phe- 

nomenon of the adaptation syndrome at the level of mito- 

chondrial membrane ultrastructure under condition of plant 

anaerobic stress and substantiated molecular mechanisms 

associated with this phenomenon. 

As already mentioned, B.B. Vartapetian had an impor- 

tant impact on creation of a new scientific discipline in eco- 

logical biology - the doctrine of plant anaerobic stress, 

which was internationally recognized and now has been 

rapidly developed in numerous world-wide universities and 

scientific centers. Professor Vartapetian was the organizer 

of the First international symposium on plant anaerobic 

stress that took place within the framework of the XII Inter- 

national Botanical Congress (St. Petersburg 1975). The pro- 

ceedings of this symposium edited by Professors D. Hook 

and R. Crawford (1978) were published as a monograph in 

the USA. Professor Vartapetian was invited and presented 

the comprehensive Introduction and first chapter of this 

monograph. In particular, the above mentioned concept of 

two principal strategies of plant adaptation to anaerobic 

stress (true and apparent tolerances), that was widely ac- 

cepted and is now actively investigated in a number of 

world leading laboratories, was first advanced by Professor 

B. Vartapetian in the Introduction of this monograph. The 

monograph was reprinted again in 1980. This first sympo- 

sium and the first book edited by D. Hook and R. Crawford 

on plant anaerobic stress helped to unite the small group of 

researchers already active in this field to promote the deve- 

lopment of new research groups and centres involved in the 

study of plant hypoxic and anoxic stresses. Close interna- 

tional contacts were now established between researchers 

that resulted in joint studies and publications. In this way, 

 

the first symposium and the first book on plant anaerobic 

stress  became   the  basis for  establishment of  the   Intemational Society 

for Plant Anaerobiosis (ISPA), a society that 

was founded and headed over three decades by B. B. Varta- 

petian as its first president. ISPA provided a platform for a 

new scientific discipline embracing plant life under hypoxic 

and anoxic stresses. Thus, the labours and efforts of ISPA 

members laid a solid foundation for a new scientific disci- 

pline. The activity of ISPA members has been instrumental 

in attracting the attention of the international scientific com- 

munity to the problems of plant life under poorly aerated 

conditions. It is mainly thanks to ISPA members' activities 

that new laboratories and scientific centers around the 

world became engaged in studies of ecological, physiolo- 

gical, biochemical, molecular biological and molecular 

genetic aspects of the phenomenon of plant anaerobic stress. 

We feel justified in maintaining that, in addition to tradi- 

tional branches of ecological physiology and biochemistry, 

embracing drought, cold, heat, saline and biotic stress fac- 

tors, a new independent avenue for study of plants under 

low-oxygen stress has appeared and gained international 

recognition. The role of Professor B. Vartapetian in the 

foundation of this novel scientific discipline was empha- 

sized in a preface to a special monograph on plant anae- 

robic stress, "Plant Life under Oxygen Deprivation" edited 

by M. Jackson, D. Davies and H. Lambers (Academic Pub- 

lishing, 1991). B. B. Vartapetian, being the ISPA President, 

actively cooperated with leading international specialists in 

this field, Professors R Crawford (UK), D. Hook (USA), W. 

Armstrong (UK), M. Jackson (UK), in the course of the 

development of ISPA and as the new scientific discipline 

expanded. 

During the latter decades, under the aegis of ISPA and 

with active participation of ISPA members, 17 international 

conferences and symposia on plant anaerobic stress have 

been held in the UK, Switzerland, USA, Iceland, Finland, 

Netherlands, Australia, Japan and Italy, in addition to the 

founding symposia in Russia. Thirteen international mono- 

graphs and special issues of international journals or collec- 

tions of papers devoted to plant anaerobic stress were pub- 

lished by members of ISPA. 

In the preface of a special issue of the Annals of Botany 

(96, 4, 2005) that contained papers from the ISPA confer- 

ence in Australia, the present President of ISPA Professor 

M. Jackson and the Chair of this Conference Doctor T. 

Colmer specially noted the role of Professor B. Vartapetian 

both in the foundation of the ISPA and in the activity of the 

Society: "Professor Boris Vartapetian founded ISPA in 

1975 and served as Inaugural President for three dec- 

ades. We thank Boris for the vision and leadership that 

initiated this Society and ensured its successful function 

on the international stage for so many years". The ISPA 

Council recognized Boris Vartapetian's special contribution 

by bestowing on him the accolade of Honourary President for Life: 
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The active participation of ISPA members, both in re- 

search activities and in the organization of international 

conferences and symposia within the ISPA framework, 

and in publication of specialized monographs and journal 

issues on anaerobic stresses have promoted global recog- 

nition of this scientific discipline. In this context important 

contributions of research teams of A. Alpi (Italy), C. An- 

drews (Canada), W. Armstrong (U.K.), A. Bertani (Italy), R 

Crawford (UK), M. Drew (USA), M. Greenway (Australia), 

R. Hill (Canada), D. Hook (USA), M. Jackson (U.K.), R. 

Kennedy (USA), W. Peacock (Australia), A. Pradet (France), 

J. Roberts (USA), M. Sachs (USA), T. Setter (Australia), H. 

Tsuji (Japan), B. Vergara (International Rice Research 

Institute), B. Vartapetian (Russia) during that first period of 

establishing of this discipline should be mentioned. The 

support and participation of these colleagues in all the 

above-mentioned activities within the ISPA framework also 

played an important role in the establishment of this new 

trend in ecological biology. As can be judged from further 

successful development of this scientific discipline, the 

senior generation passed this baton into the good hands of 

the following: J. Bailey-Serres (USA), T. Colmer (Austra- 

lia), R Dolferus (Australia), K Fagerstedt (Finland), T. Fan 

(USA), K Ishizawa (Japan), A. Ismail (Philippines), B. 

Mohanty (Singapore), P. Perata (Italy), R Ratcliffe (UK), T. 

Van Toai (USA), D. Van der Straeten (Belgium), E. Visser 

(The Netherlands), L.A.C.J. Voesenek (The Netherlands), 

and some other ISPA members. 

In addition to active participation, as ISPA President, in 

the above mentioned events, Professor Vartapetian took 

part in numerous other international botanical, biochemical, 

and agricultural congresses, symposia, and conferences as 

invited lecturer, member of organizing Committee or Chair- 

man. 

Professor Vartapetian participated in a number of joint 

research activities with foreign colleagues and ISPA mem- 

bers. He worked in France in Professor C. Costes (Institute 

National Agronomique) and Professors C. Lance and P. 

Mazliak (Paris University) laboratories, in United Kingdom 

with Professor R. Crawford laboratory (St. Andrews Uni- 

versity, Scotland). He delivered lectures in universities and 

research centers of France, United Kingdom, Italy, Cze- 

choslovakia, Australia, USA, and Sri Lanka. 

Boris was born on May 1, 1925, in Nagorrny Karabakh 

(Trans-Caucasus). His father Bagrat Vartapetian and mother 

Siranush Vartapetian were biologists and worked as resear- 

chers in Polar Botanical Garden USSR Academy of Scien- 

ces. The wife Valentina Vartapetian is also a biologist: Dr. 

Sc., Head of horticulture laboratory of Biological Depart- 

ment of Moscow State University. His son, Andrey Varta- 

petian, is Professor of the Moscow State University; he is a 

molecular biologist and Head of the section of Physico- 

Chemical Biology Institute. His daughter, Karine Norkina, 

is an English-Russian translator. 

Boris Vartapetian took part in the Second World War. 

On the 3rd July 1944, during the assault of the Belorussian 

town of Polotsk he was severely wounded. He is considered 

by the Belorussian government as The Liberator of the 

town Polotsk. As an active participant in the War he was 

decorated with 21 governmental orders and medals. 
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