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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 strategies 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). 
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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 coun-
tries (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 (An-
drews 1997). In connection with global climatic changes, 
new vast areas could be flooded due to thawing in the per-
mafrost zone and polar ice, resulting in the increase in the 
world’s ocean levels. Oxygen deficiency could also be an-
thropogenic 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 accumula-
tion of toxic organic and inorganic compounds in these soils 
(Ponnamperuma 1984; Gambrell et al. 1991). 

Being aerobic organisms, plants respond sharply to oxy-
gen deficiency. Crops, usually grown on dry aerobic soils, 
are most sensitive: when they are under conditions of oxy-
gen 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 culti-
vated on flooded anaerobic soils (Swaminathan 1993). 
Nevertheless, even rice often suffers from oxygen defici-
ency, especially when its seedlings are completely sub-
merged, 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, molecu-
lar-biological and molecular-genetic aspects of plant hypo-
xia 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 interna-
tional scientific meetings and in numerous special publica-
tions. 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 im-
portant 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 con-
nection with the global climate warming (NATO Advanced 
Research Workshop, 1992), was directly related to the after-
effects of hypoxia and anoxia for plants. Two ISPA sympo-
sia (USSR in 1985 and Iceland in 1992), financially suppor-
ted by UNESCO, were destined wholly to plant anaerobic 
stress, similarly as two special international ISPA conferen-
ces were held in 2001 in the Netherlands under the aegis of 
the Green Cross, and in 2004 in Australia. Sixteen interna-
tional meetings held in various countries and twelve com-
prehensive 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 ear-
ly studies, when active investigations were started, which 
led to the establishment of a new scientific discipline, dedi-
cated to plant hypoxic and anoxic stresses. Before the dis-
cussion 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 advan-
ces in the field of plant physiology, biochemistry, and mole-
cular biology of plant anaerobic stress, which will be consi-
dered 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 per-
formed, which led to two alternative concepts put forward 
simultaneously by Crawford (McManmon and Crawford 
1971; Crawford 1977, 1978) and by Vartapetian (Vartape-
tian 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) synthe-
sis 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 fermenta-
tion under anaerobic conditions, with subsequent ethanol 
accumulation and cell poisoning. In that time, as it was 
mentioned, metabolic theory was widely accepted and con-
firmed 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 (Sol-
datenkov 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 demonstra-
ted: the roots of plants inhabiting flooded anaerobic soils 
did not exhibit hypertolerance to anaerobiosis but, in con-
trast, 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 trans-
port measurements by a polarographic technique and other 
methods (electron microscopy, chemiluminescence analysis, 
and mathematical modeling) performed by Armstrong (Arm-
strong 1964, 1969, 1978, 1979) and Vartapetian (Vartape-
tian 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 aerenchy-
matous 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 (Varta-
petian, Sachs, Fagerstedt 2008) of this review, the following 
comprehensive studies of aerenchyma formation and oxy-
gen translocation in wetland and non-wetland plants con-
firmed 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 (Varta-
petian et al. 1976) was used to stimulate glycolysis and fer-
mentation under anoxic conditions. This permitted to de-
monstrate the key role of energy metabolism in the deve-
lopment of plant-cell tolerance to anoxia because such acti-
vation of glycolysis and alcoholic fermentation substan-
tially improved cell tolerance even to strict anoxia. Just in 
these studies, it was demonstrated that extraordinary toler-
ance to the absence of oxygen of rice coleoptiles, which 
maintained an intact cell ultrastructure, including poten-
tially physiologically active mitochondria (Costes and Var-
tapetian 1978), during many days of anaerobic growth, was 
lost when coleoptiles were detached from the seeds and ex-
posed 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 de-
tached coleoptiles with exogenous substrate by incubation 
in 0.5% solution of glucose to maintain and stimulate gly-
colysis 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 com-
pounds (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 de-
monstrated the key role both of energy metabolism (glyco-
lysis 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 re-
view, 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 
(Brändle 1991; Aragaus and Brändle 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 conclu-
sions. 

In general, the studies described above, on the one hand, 
demonstrated an incorrect statement of Crawford’s meta-
bolic theory about plant injury and adaptation under condi-
tions 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 meta-
bolism 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 ab-
sence 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, rhi-
zomes), i.e., avoidance of anaerobiosis, or apparent toler-
ance. 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 toler-
ance of germinating rice seeds to anaerobic stress. Never-
theless, 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 in-
vestigations of the physiological role of anaerobic proteins 
and the phenomenon of plant hypoxic acclimation to an-
oxia 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 electro-
phoresis that rice coleoptiles actively growing under strict 
anoxia comprised seven specific proteins, which were ab-
sent 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 anaer-
obic incubation of coleoptiles. Based on the above results 
the authors concluded that “anoxia causes qualitative and 
quantitative reconstruction of protein metabolism” (Mas-
lova 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) demons-
trated 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 Moc-
quot 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 con-
trol of their synthesis at the transcription, translation, and 
posttranslation levels, as well as the functional role of an-
aerobic 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 identifica-
tion was successful they turned out to be mainly the en-
zymes 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 experi-
ments with cell-free extracts from pea Pisum sativum var. 
‘Alaska’ seeds. These authors followed the kinetics of lac-
tic 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 reso-
nance (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 mecha-
nisms 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 con-
ditions 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 an-
oxia on plants (Saglio et al. 1980, 1988, 1999). In particu-
lar, they showed that, when maize root tips were trans-
ferred from aerobic to anaerobic environment without feed-
ing 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 fer-
mentation. 

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 de-
tail the properties of flooded anaerobic soils, chemical and 
microbiological conversions in them, and also the distribu-
tion 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, re-
flected 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 Anaerobio-
sis (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 (Vartape-
tian 1978) that is now widely accepted (Brändle 1991; 

Waters et al. 1991; Vartapetian and Jackson 1997; Jackson 
and Armstrong 1999; Saglio et al. 1999): metabolic adap-
tation, 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 trans-
port, 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 as-
pects 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 seed-
lings 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 simul-
taneous expression of two unlinked genes, adh1 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 seed-
lings 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 rea-
son for this is that animals rely solely on lactic acid fer-
mentation, since they lack the enzyme pyruvate decarboxy-
lase (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 accumu-
lation of lactic acid. However, as the pH drops LDH 
(which has a relatively high pH optimum) activity de-
creases while PDC (which has a relatively low pH opti-
mum) activity increases (Laszlo and Lawrence 1983). Thus, 
it is proposed that after a short period of oxygen depriva-
tion, ethanol fermentation would predominate. This hypo-
thesis 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 acetal-
dehyde, 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 rela-
tionship 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 synthe-
sis 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 dif-
ferent 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 ap-
pear 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 treat-
ment 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 atmos-
phere) 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 un-
translated regions of mRNA (Bailey-Serres 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 polypep-
tide 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 polypep-
tides (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 experi-
ments to be very stable. The synthesis of the ANPs conti-
nues at a constant rate for up to ~72 hours of anaerobic 
treatment, depending on which maize line is being exa-
mined. After 72 hours, protein synthesis decreases concur-
rently 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 induc-
tion of the ANPs in maize primary roots, but does not 
cause the complete repression of pre-existing protein syn-
thesis. 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 condi-
tions, 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 seed-
lings in a flooding solution, or treatment with 0.2% O2 ap-
pears to have the same effect on ADH activity and trans-
cript 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 al. 1998), glu-
cose-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 adh1 
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 water-
logged soils. 

In the presence of air, roots, coleoptile, mesocotyl, 
endosperm, scutellum, and anther wall of maize all synthe-
size a tissue-specific spectrum of polypeptides. Most or-
gans (e.g., the scutellum and endosperm of the developing 
kernel) actually synthesize many or all of the ANPs cons-
titutively, 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 seed-
ling organs (e.g., the coleoptile) show a dramatic increase 
in the level of synthesis of the ANPs by anaerobic induc-
tion. 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 tempera-
ture (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 con-
firmed, 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 in-
cubated 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 tol-
erate 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 pre-
treatment. Similar results were obtained by other research-
ers 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 oxy-
gen 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 anaer-
obic stress (Waters et al. 1991). 

The shift in the pattern of protein synthesis due to an-
aerobiosis 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), Echi-
nochloa (Mujer et al. 1993), cotton (Millar and Dennis 
1996), tomato (Germain et al. 1997) and Potamogeton 
(Dixon et al. 2006). In anaerobically treated barley aleu-
rone 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 sys-
tem, the gibberellic acid (GA3) induction of ��amylase syn-
thesis and its mRNA accumulation is suppressed by anaer-
obiosis. The “anaerobic” pattern of protein synthesis is per-
turbed only slightly by GA3 when aleurone cells incorpo-
rate 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 dif-
ferential 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 hybridi-
zable 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 trans-
cription 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 1991a) during anoxia, strongly 
indicating that the increase in the levels of anaerobic-spe-
cific 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 ad-
ditional 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 re-
veals 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 homo-
logous to the “ARE” detected by Walker et al. (1987a) are 
found in both the adh1 and adh2 genes of maize, an adh1-
like 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 en-
zymes 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 func-
tion 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 five to six days of anaerobic treatment at 27°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 (Mo20W) 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 Ver-
gara 1982; Mackill et al. 1993). A major quantitative trait 
locus responsible for this tolerance, designated Submer-
gence 1 (Sub1), was mapped near the centromere of chro-
mosome 9 (Xu and Mackill 1996). This locus was isolated 
and found to include a cluster of three genes at the Sub1 
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 ac-
cessions analyzed (including those not tolerant to complete 
submergence). In contrast, the presence of Sub1A is varia-
ble. An allele called Sub1A-1 is found only in tolerant cul-
tivars (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 respon-
ses to submergence through differential expression of 
Sub1A and Sub1C. Submergence tolerance in Fr13A con-
ferred by the Sub1A-1 allele which dampens ethylene pro-
duction and GA responsiveness, resulting in reduced 
growth during submergence that correlates with the capa-
city 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 im-
plicates 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 informa-
tion 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 under-
standing 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 physio-
logical 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 (Rob-
erts et al. 1984; Fox et al. 1995). Gene expression and phy-

siological changes in response to O2 deprivation were 
shown to be preceded and signaled by an elevation of cyto-
solic 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 physio-
logical 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 Ca2+ store in response to anoxia in maize cells. Con-
focal analysis using compartment-specific Ca2+ probes 
showed that the Ca2+ signal probably originates in mito-
chondria (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 an-
oxia (longer than 30 min) leads to a loss of mitochondrial 
membrane potential and thus may be responsible for fur-
ther 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 mitochon-
dria) 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 Arabi-
dopsis, rice and wheat (Sedbrook et al. 1995; Chung and 
Ferl 1999; Baxter-Burrill et al. 2002; Klok et al. 2002; Bai-
ley-Serres and Chang 2005). Oxygen deprivation is also ac-
companied by cytosolic acidification (Roberts et al. 1984a). 
The transient changes in Ca2+ and H+ that follow cell sti-
mulation are immediately recognized even at sub-micro-
molar levels, amplified and finally translated into long-las-
ting 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 ener-
gy 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 (Sub-
baiah et al. 1994a, 1994b). Using calcium channel antago-
nists 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 
processes of carbohydrate metabolism in plant adaptation 
to hypoxia and anoxia, which was first demonstrated in 

129



Plant Stress 1(2), 123-135 ©2007 Global Science Books 

 

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 da-
mage 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 starva-
tion 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) exer-
ted considerable support to this notion (Vartapetian et al. 
1974, 1976). Due to these processes, glycolysis and fer-
mentation 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 investi-
gation of induction of the synthesis of corresponding en-
zymes 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 approxi-
mately 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 re-
sults of experiments of Vartapetian et al. (1976), demons-
trated the role of �-amylase in mobilization and utilization 
of stored carbohydrates in long-term tolerance of anaero-
bically germinating rice seeds (Lorety et al 2003a, 2003b). 
The key role of energy and related processes of carbo-
hydrate 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 (Brändle 1991; Arpagaus Brändle 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 dif-
ferent 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 �-amylase in adaptation of an-
aerobically germinated rice seeds. Just this enzyme of the 
seed is responsible for anaerobic mobilization of stored 

starch, which provides substrate not only for anaerobic gly-
colysis 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 �-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 con-
ditions a gene encoding specific �-amylase (Ramy3D) is 
expressed in rice seeds. The activity of this gene is con-
trolled by the presence of sugar but not by a hormone (Lo-
reti et al. 2003a). An excess of sugar suppresses the expres-
sion of this gene, whereas sugar shortage, in contrast, indu-
ces its expression. Enhanced sugar consumption in anaer-
obic fermentation results in a sugar shortage and thus acti-
vates the expression of the gene encoding Ramy3D (�-
amylase) at early stages of anaerobic seed germination, 
thus providing seedlings with sugars. Simultaneously an-
oxia weakens the activity of the Ramy1A gene, which ex-
presses predominantly under aerobic conditions. It was 
shown that the activity of the Ramy3D gene under condi-
tions of anoxia was sufficient for the synthesis of corres-
ponding �-amylase isoenzyme mobilizing stored carbohy-
drates of the rice seed. 

The results of experiments by Brändle (1991) and Ar-
pagaus and Brändle (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 quasidor-
mancy. 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 (Brändle 1991; Hanhijarvi 
and Fagerstedt 1995) and on the presence of active �-
amylase (Arpagaus and Brändle 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 mani-
fested 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 (Pas-
teur’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 con-
ditions, plants suffer also from suppressed photosynthesis 
and thus from deficiency in the formation of a new sub-
strate (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 con-
trasting in tolerance showed that flooding of the most toler-
ant cultivar (‘FR13A’) suppressed its growth substantially, 
which was accompanied by a more economic spending of 
carbohydrate stores. By analyzing the experimental mate-
rial accumulated Jackson and Ram (2003) concluded that 
the basic cause for seedling damage and death of less toler-
ant rice cultivars under submersion is their energy shortage 
due to substrate starvation. Active leaf growth of non-toler-
ant cultivars result in exhaustion of substrates for glycoly-
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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 condi-
tions of hypoxia and anoxia, along with polymeric carbo-
hydrates (starch), sugars (glucose, fructose, and sucrose) 
should be involved in metabolism by corresponding en-
zymes, 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 an-
oxia (Saglio et al. 1999). A critical role of sucrose syn-
thase 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 acclima-
tion, 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 in-
vertase. 

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; Lal et al. 1998; Saglio et al. 1999). 
Comparison of enzymes of fermentation (ADH, LDH, and 
PDC) showed that hypoxia and anoxia increased ADH acti-
vity sharply, although such a high activity is not required 
for cell survival under anaerobiosis. 

Under hypoxia and anoxia, PDC activity is also mar-
kedly 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 suffici-
ent 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 germi-
nation 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 inde-
pendent original biological discipline. 

An increased interest to the problem of low oxygen 
stress of plants during recent decades confirmed undoub-
tedly 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 investiga-
tions at the international level achieved mainly due to the 
efforts of ISPA members, who were the initiators of perio-

dic 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 sec-
ond 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 strate-
gies 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 avoid-
ance 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 anaer-
obic 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, physiolo-
gical and biochemical approaches, genetic analysis has been 
essential in the establishment of causal relationships 
between the induction of the stress proteins and the estab-
lishment 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 pro-
teins does not necessarily establish a relationship with stress 
resistance. Novel protein synthesis may well be the conse-
quence 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 fac-
tors, 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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