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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 ¯ooding-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 anaerobically 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.
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INTRODUCTION

In recent decades, progress in understanding plant life under
oxygen de®ciency has been based principally on the
adoption of modern physical and chemical methods of
analysis, and on conceptualized interpretations of physio-
logical and biochemical ®ndings. This can be exempli®ed
by contributions made using electron microscopy (EM) to
study ®ne structure of plant cells responding to stress from
oxygen shortage. As described below, results ®rst 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 de®ne such an approach as functional electron
microscopy.

We have employed electron microscopy for almost 30
years to study plant anaerobiosis and to elucidate the
speci®c features of plant function and metabolism under

oxygen de®ciency. Some our ®ndings 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; OÈ pik, 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 de®ciency.
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 de®ciency 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
Ca2+ ions released rapidly from mitochondria into the
cytosol participate in signalling O2 deprivation leading to
anaerobic gene expression. In addition, mitochondria
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undergo characteristic destructive or adaptive rearrange-
ments under anaerobic stress. These changes hold the key to
understanding features of cell adaptation or damage under
oxygen de®ciency. Accordingly, our EM studies have
concentrated on assessing mitochondrial status.

Experimental material selected and presented below is
grouped into two categories. The ®rst 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 ®ndings 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 speci®cally 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
REARRANGEMENTS OF MITOCHONDRIAL
ULTRASTRUCTURE UNDER ANAEROBIC

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 clari®cation 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
increase 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 ®ne 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 ¯ood-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

F I G . 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 mm.
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rearrangements of mitochondria membranes can take
place, as shown for roots of anoxia-intolerant Cucurbita
pepo (Fig. 2A and C) provided they are fed with

exogenous glucose during anaerobic incubation. Under
these circumstances, mitochondria become elongated or
take the form of mitochondrial reticulum (Vartapetian

F I G . 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 mitochondrial 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 mm.
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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 mito-
chondria occur (Vartapetian et al., 1978a; Vartapetian
and Polyakova, 1999) but with no evidence of associ-
ated membrane degeneration.

HYPERSENSITIVITY OF MITOCHONDRIAL
ULTRASTRUCTURE IN ROOT CELLS OF

FLOODING-TOLERANT PLANTS, OR THE
STRATEGY OF APPARENT TOLERANCE

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 ¯ooded
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 ¯ooding-sensitive species)
degraded irreversibly after 6±10 h of anaerobic incubation,
whereas in roots of rice (a ¯ooding-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 mitochondrial
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, con®rmed 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 ¯ooding is the consequence of apparent
tolerance to anoxia but not of true tolerance. Thus, the
ability of ¯ooding-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 ¯ooding 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 con®rmed 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
¯ooding-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 translo-
cated from above-ground organs into roots of tolerant and
non-tolerant species demonstrated that in contrast to non-
tolerant species, ¯ooding-tolerant species transported suf®-
cient 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 bene®t of oxidizing
chemically reduced toxic substances, such as Fe2+ and Mn3+,
in the ¯ooded 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 above-
ground 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 ®elds 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
¯ooding-tolerant and intolerant species, and the role of
ethylene and Ca2+ 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 ROLE OF ENERGY METABOLISM
(GLYCOLYSIS) IN PLANT RESISTANCE TO

ANOXIA, OR THE STRATEGY OF TRUE
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 ®rst
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 structur-
ally intact mitochondria that are potentially active (Ueda
and Tsuji, 1971; Vartapetian et al., 1971; OÈ pik, 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 cyto-
chrome-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 aero-
bically germinating rice seeds are also highly resistant to
anoxia, with their mitochondria remaining intact during
several days of subsequent anoxia (Vartapetian et al.,
1974a; CoueÂe et al., 1992). However, EM studies have
shown that the high anoxia-resistance of mitochondrial
ultrastructure in coleoptiles germinated under both aerobic
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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 suf®cient glycolytic ATP can be
generated anaerobically by the coleoptile to maintain
mitochondrial ultrastructure. This ATP is of cytoplasmic

origin and is apparently utilized by mitochondria to
maintain structural integrity and potential functional activ-
ity 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 mitochon-
dria is made on the basis of EM studies of both rice
coleoptiles and pumpkin roots (Vartapetian et al., 1977). It

F I G . 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 mm.
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has been supported in biochemical studies showing that
mitochondria isolated from rice seedlings after anaerobic
incubation utilize exogenous ATP in mitochondrial protein
synthesis (CoueÂe 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 brie¯y 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 ¯ooding. 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
rami®ed forms. Stimulation of energy metabolism in cells of
maize root tips fed with exogenous glucose was demon-
strated by accumulation of the ®nal 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-

F I G . 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 mm.
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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
¯ooding-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. Speci®c proteins emerging under anaer-
obic conditions were ®rst 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 ®eld 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, a-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 ¯ooding 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 ®rst underwent hypoxic pre-treatment. Without
hypoxic pre-incubation, these roots lost their growth

potential after only 24 h anoxia. It is signi®cant 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
de®ciency (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 intensi®cation of glycolysis
and fermentation when the main mechanism of energy
supply of the aerobic cell (oxidative phosphorylation) is
arrested due to a de®ciency or absence of molecular oxygen.
This fact should probably be considered as an adaptive
property of the plant cell that developed via natural or
arti®cial 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 demonstrated in

experiments that blocked the synthesis of these proteins.
Inhibition of synthesis using cycloheximide (Fig. 5) desta-
bilizes mitochondrial ®ne structure in rice coleoptiles and
essentially decreases tolerance to anoxia even in the
presence of exogenous glucose (Vartapetian 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

F I G . 5. Inhibition of anaerobic protein synthesis in detached rice coleoptile cells has destabilized mitochondrial ®ne structure. 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 mm.
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biochemical studies on both anaerobically germinating rice
seeds (Perata et al., 1992, 1993, 1997) and rhizomes of
wetland plants (BraÈndle, 1991; Hanhijarvi and Fagerstedt,

1995; Crawford and BraÈndle, 1996). The enzymes respon-
sible for mobilization of endosperm starch reserves in
anaerobically germinating rice seeds have been identi®ed
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 BraÈndle, 1993; Hanhijarvi
and Fagerstedt, 1995; Crawford and BraÈndle, 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 long-
term 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 suf®cient to support a
strongly accelerated rate of stem elongation induced by the
complete absence of oxygen over periods of up to 14 d.

VISUALIZATION OF THE GENERAL
ADAPTIVE SYNDROME AND MECHANISM
FOR ITS REALIZATION IN PLANTS UNDER

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 ®nally results in irreversible degradation of
mitochondria and other organelles. The initial stages of
membrane destruction are reversible since the mitochon-
drial 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 anaer-
obic 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

F I G . 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 mm.
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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 glycolytic-
substrate 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 de®ciency of glycolytic substrate could
restore (albeit temporarily) the ultrastructure of wheat leaf
mitochondria. The most probable hypothesis is that synthe-
sis and accumulation of anaerobic proteins, including

enzymes participating in glycolysis and fermentation, took
place in the ®rst 3±5 h of anaerobic exposure, thus
accelerating glycolysis. To examine this hypothesis, anaer-
obic 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 mitochon-
drial 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 ®ne 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-speci®c 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 ®nally `exhaustion' (irre-
versible degradation of mitochondria under prolonged
anaerobiosis) according to Selye's terminology (Selye,
1950).

PHYSIOLOGICAL ROLE OF NITRATE AS
TERMINAL ELECTRON ACCEPTOR UNDER

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; MuÈller
et al., 1994; Oberson et al., 1999; Vartapetian and
Polyakova, 1999). Other ®ndings 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; MuÈller et al., 1994), while in barley
roots, anaerobic ethanol fermentation was not affected by
increased nitrate reductase activity (Botrel and Kaiser,

F I G . 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 mm.
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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 ®ne 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 nitrate (Fig. 8D),

marked destructive changes in mitochondrial ultrastructure
were delayed until 48 h after the start of anaerobic
incubation of coleoptiles, although noticeable non-patho-
logical 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 destruc-
tion 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 insigni®cant non-
pathological changes in ultrastructure.

The results of these nitrate-feeding experiments involving
anaerobic rice coleoptiles and pea roots contrast with the
®ndings of Ivanov and Andreev (1992). The studies of
Ivanov and Andreev (1992) were carried out under similar

F I G . 8. Ultrastructure of detached rice coleoptile mitochondria after anaerobic incubation in the presence of exogenous KCl (10 mM) or KNO3 (10
mM). A, Before anaerobic incubation (control). B, After 24 h anaerobic incubation in the presence of KCI. C, After 48 h anaerobic incubation in the

presence of KCI. D, After 48 h anaerobic incubation in the presence of KNO3. m, Mitochondrion. Bars = 0´5 mm.
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F I G . 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 mm.
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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 ®ndings 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), MuÈller 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 de®ciency.

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
acidi®cation. 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 PHYSIOLOGICAL ROLE OF LIPID
METABOLISM UNDER ANAEROBIC STRESS

IN SEEDLINGS OF ORYZA SATIVA 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 esteri®ed 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
([14C]acetate and [3H]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
signi®cant 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 signi®cance of anaerobic synthesis of lipids demon-
strated in the above-mentioned experiments involving

TABLE 1. Fatty acid (FA) composition (mg FA per coleoptile 3 100) 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 unsatur² DBI³

5 d 177´0 6 14´3 4´50´6 0´5 15´5 6 2´5 182´0 6 28´0 417´0 6 46´0 31´0´6 4´5 192´5 6 14´5 634´5 6 54´5 1´34
8 d 172´0 6 21´9 4´0 6 0´7 18´0 6 2´9 195´0 6 13´3 429´0 6 22´0 31´0 6 4´3 190´0 6 22´1 659´0 6 26´1 1´35

Seeds were imbibed and germinated anaerobically in a special vacuum apparatus (Vartapetian and Polyakova, 1994) after evacuation of air by oil
vacuum pump.

Experiments were run in triplicate, each replicate comprising 100±120 coleoptiles.
Data represent mean 6 s.d. of three replicates.
* Total sum of saturated FA; ² total sum of unsaturated FA; ³ 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.
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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 de®ciency.

SELECTION OF IN VITRO CELL LINES AND
REGENERATED PLANTS TOLERANT OF

ANAEROBIC STRESS

The creation of plants with higher resistance to oxygen
de®ciency is an important goal of applied research in the
®eld 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
de®ciency (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 of®cinarum) and wheat (Triticum aestivum).
Callus obtained from the meristem of sugar cane and from
wheat embryos was ®rst 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 ¯ooding 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 signi®cant pathological change in mitochon-
drial ultrastructure of callus cells was observed even after
96 h of anaerobic incubation (Fig. 10B). In contrast, 48 h
(S. of®cinarum) 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

F I G . 10. Ultrastructure of callus cells of Saccharum of®cinarum 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 mm.

F I G . 11. Growth index after 1 month of post-anaerobic growth of cell
lines of Saccharum of®cinarum before and after selection of tolerant

cells. Data are means 6 standard errors.
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test for post-anaerobic mitotic and growth activity demon-
strated that after 48 h without oxygen, 12 % of S. of®cinarum
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. of®cinarum 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 ¯ooding.
Preliminary data demonstrated that plants regenerated from
the selected cells were more resistant to soil ¯ooding
compared with initial plants used for callus cell preparation.
However, these promising results now require thorough
con®rmation 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), ®rst 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
¯ooding-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 BraÈndle, 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 calamus), can provide for
several months' survival in the complete absence of oxygen
(Henzi and BraÈndle, 1993; Crawford and BraÈndle, 1996)

F I G . 12. Post-anaerobic growth of callus of Saccharum of®cinarum; only selected cells lines survived anoxic treatment for 96 h.
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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 ®ne 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); (d) 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, con®rmed 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 ¯ooding in ®eld conditions.
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