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Abstract During anaerobiosis in darkness the main
route for ATP production in plants is through glycol-
ysis in combination with fermentation. We compared
the organ-speciWc anaerobic fermentation of Xood-
ing-tolerant rice (Oryza sativa) and sensitive wheat
(Triticum aestivum) seedlings. A sensitive laser-
based photoacoustic trace gas detection system was
used to monitor emission of ethanol and acetalde-
hyde by roots and shoots of intact seedlings. Dark-
incubated rice seedlings released 3 times more acet-
aldehyde and 14 times more ethanol than wheat
seedlings during anaerobiosis. Ninety percent of
acetaldehyde originated from shoots of both species.
In comparison to wheat shoots, the high ethanol pro-
duction of rice shoots correlated with larger amounts
of soluble carbohydrates, and higher activities of fer-
mentative enzymes. After 24 h of anaerobiosis in
darkness rice shoots still contained 30% of aerated

ATP level, which enabled seedlings to survive this
period. In contrast, ATP content declined almost to
zero in wheat shoots and roots, which were irrevers-
ibly damaged after a 24-h anaerobic period. When
plants were anaerobically and dark incubated for 4 h
and subsequently transferred back to aeration,
shoots showed a transient peak of acetaldehyde
release indicating prompt re-oxidation of ethanol.
Post-anoxic acetaldehyde production was lower in
rice seedlings than in wheat. This observation
accounts for a more eVective acetaldehyde detoxiW-
cation system in rice. Compared to wheat the greater
tolerance of rice seedlings to transient anaerobic
periods is explained by a faster fermentation rate of
their shoots allowing a suYcient ATP production and
an eYcient suppression of toxic acetaldehyde forma-
tion in the early re-aeration period.

Keywords Acetaldehyde · Anaerobiosis · Ethanolic 
fermentation · Oryza · Triticum

Abbreviations
ADH Alcohol dehydrogenase
AEC Adenylate energy charge
PDC Pyruvate decarboxylase
PQ Pasteur quotient

Introduction

Plants use diVerent adaptation strategies against
Xooding stress causing oxygen deWciency: Morpholog-
ical changes, such as the formation of aerenchyma,
adventitious roots and lenticels, as well as enhanced
shoot growth (Jackson 1985) can suYciently provide
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oxygen for the inundated tissues. Moreover, plants
can also adapt their metabolism to oxygen deWciency
(Drew 1997; Vartapetian and Jackson 1997). Pro-
longed anaerobiosis will irreversibly damage the
entire plant. However, its diVerent tissues exhibit a
divergent tolerance. Roots are generally less tolerant
to anoxic stress conditions than shoots (Saglio et al.
1988), and show diVerent physiological responses
from shoots (Ellis et al. 1999). Previous results
obtained from shoots of rice and Acorus calamus con-
Wrm a high resistance of these organs against oxygen
depletion (Menegus et al. 1991; Schlüter and Craw-
ford 2001). These observations raise the question,
how these diVerences of low-oxygen stress responses
are biochemically explained.

The objective of our studies was to investigate how
the fermentation rate of diVerent organs contributes
to improved tolerance against anaerobiosis. Ethan-
olic fermentation in conjunction with glycolysis is
one essential metabolic pathway for energy genera-
tion and NAD re-generation when oxygen is absent.
The ambiguity of high ethanolic fermentation rates
during anaerobiosis arises from the double-edged
character of fermentation. Although a fast fermenta-
tion rate sustains a reasonable ATP formation, it
may lead to rapid carbohydrate depletion because of
limiting carbohydrate resources. On the other hand,
slow rates of fermentation preserve scarce respirable
substrates.

Previous publications show controversial results in
respect to the beneWts of ethanolic fermentation in tol-
erance against anaerobiosis. Several authors described
a positive correlation between the ethanolic fermenta-
tion rate and anoxia tolerance in rice seedlings (Setter
et al. 1994; Gibbs et al. 2000). In contrast, in low-oxy-
gen stress-sensitive species as tobacco or cotton, genet-
ically enhanced ethanolic fermentation by
overexpression of pyruvate decarboxylase (PDC) or
alcohol dehydrogenase (ADH) decreased anoxia toler-
ance (Tadege et al. 1998; Ellis et al. 2000). Further-
more, Mustroph and Albrecht (2003) described no
diVerence in root ethanol production in tolerant rice
and intolerant wheat seedlings.

In this paper we analyzed ethanolic fermentation in
roots and shoots of young seedlings of Xooding-toler-
ant rice (Oryza sativa L.) and sensitive wheat seedlings
(Triticum aestivum L.) during oxygen deWciency. We
focused our biochemical analysis on plants, which were
exposed to anaerobiosis in darkness. During this condi-
tion no photosynthetically produced oxygen is gener-
ated and the only source for energy production is
glycolysis. Secondly, we assessed the importance of
post-anoxic acetaldehyde production for the tolerance

mechanism, since increased production and emission
of toxic acetaldehyde is a prominent property of plant
tissues that are re-transferred to air (PWster-Sieber and
Braendle 1994; Zuckermann et al. 1997; Boamfa et al.
2003).

The analysis of the ethanolic fermentation rate was
performed using a highly sensitive method for trace gas
analysis. Conventional tissue extraction is inappropri-
ate for monitoring the synthesis rate of ethanol and
acetaldehyde, since it excludes sizeable emissions that
normally emanate from the tissue into the surrounding
medium (Bertani et al. 1980; Setter and Ella 1994). To
overcome these diYculties, we monitored online the
ethanol and acetaldehyde release from intact plants
using a laser-based photoacoustic trace gas detector
(Zuckermann et al. 1997). This equipment enabled
monitoring of the onset and extent of fermentation in
intact seedlings with high-time resolution (Boamfa
et al. 2003, 2005). The objective of the present experi-
ments was the separate measurement of root and shoot
fermentation activity of intact plants (Fig. 1b). Further-
more, the gas release from diVerent plant organs was
related to fermentative enzyme activities and metabo-
lite contents.

Materials and methods

Germination and plant culture

Caryopses of rice (O. sativa cv. Cigalon, Union des
Coopératives Agricoles de Semences de Provence,
Arles, France) and wheat (T. aestivum cv. Alcedo, SW
Seed Hadmersleben GmbH, Hadmersleben, Ger-
many) were germinated in the dark on moist Wlter
paper, and after 2 days transferred to an aerated
hydroponic KNOP nutrient solution (Albrecht et al.
1993). The plants were grown in an environmental
chamber (MLR-350, Sanyo, Osaka, Japan), under a
16 h light/8 h dark regime of 22/17°C with photosyn-
thetic photon Xux density of 300 �mol photons m¡2 s¡1.
Fourteen-day-old rice and 9-day-old wheat plants were
used for measurements.

Detection of acetaldehyde, ethanol, CO2 
and oxygen release

Acetaldehyde and ethanol concentrations down to
0.1 nl l¡1 for acetaldehyde and 3 nl l¡1 for ethanol,
were measured with a laser-based photoacoustic trace
gas detector (Zuckermann et al. 1997). The set-up sys-
tem (Fig. 1a) has been extensively described by
Boamfa et al. (2003). The laser system was equipped
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with three detection cells capable of monitoring three
independent samples simultaneously.

The acetaldehyde emission determined corre-
sponded to the real acetaldehyde amounts, which were
simultaneously released from plants tissues. The detec-
tion of ethanol dissolved in tissues or water followed a
20-min lag phase, as it was tested with standard solu-
tions (data not shown). Furthermore, the amount of
ethanol measured did not represent the total amount
of ethanol produced since some ethanol remained in
the medium or in the plant tissue. However, the
photoacoustic technique has been found to be in agree-
ment with mass spectrometrical determination of etha-
nol emission levels in rice (Boamfa et al. 2004).

CO2 and oxygen were monitored simultaneously
with acetaldehyde and ethanol, using a commercial
CO2-infrared analyzer (detection limit: 1 �l l¡1 CO2) in
which an electrochemical oxygen sensor (detection
limit: 0.01% oxygen) was incorporated (URAS 14,
Hartmann and Braun, Frankfurt, Germany).

Trace gas measurement procedure

Fourteen-day-old rice and 9-day-old wheat seedlings
were exposed to Xows of nitrogen gas and air for anaer-
obic and aerobic gas phase conditions, respectively.
Batches of six rice or three wheat plants were used for
each measurement to increase the sample size and to
minimize eVects of single individuals. The fresh weight
of the plant material per cuvette was approximately
0.5 g for rice and 1.5 g for wheat. The caryopses were

removed at the beginning of the experiments to ensure
autotrophy of plants.

For the whole plant measurements the seedlings
were placed in a 300-ml glass cuvette (Boamfa et al.
2003) containing 15 ml of water for the roots. For the
separate analysis of shoots and roots of intact plants a
two-compartment glass cuvette (Fig. 1b) was used. The
shoot compartment (90 ml) and root compartment
(45 ml) were separated by a pierced rubber stopper,
through which the seedlings were inserted, and sealed
with a water-resistant sealant (Terostat-IX, Henkel
Teroson, Heidelberg, Germany). The inlets of the
cuvettes allowed gas Xow. The root compartment gas
inlet passed through 30 ml water, in which the roots of
the intact plants were placed (Fig. 1b). The outlet Xows
passed Wrst through the CO2 and oxygen analyzer and
then through the photoacoustic detector.

Before start of nitrogen treatment, aerobic gas
release was measured for 1 h to prevent any possible
contamination. Anaerobic and post-anaerobic experi-
ments were performed in the dark at 22°C. In one set
of experiments whole plants were exposed for 20 h to
oxygen-free gas Xow. During another set of experi-
ments shoots and roots of intact plants were exposed
for 4 h to nitrogen gas. A third set of experiments was
performed by exposing the plants to 4 h of nitrogen gas
followed by 4-h air. In addition to measurements with
intact plants the cuvettes were used to monitor gas
emission from excised roots and shoots to determine
the speciWc emission values for each plant organ and to
exclude the transfer of ethanol or acetaldehyde

Fig. 1 Experimental set-up. a The trace gases released by intact
rice or wheat seedlings in the sampling cuvette were transported
with the gas Xow to the CO2 and oxygen analyzers (URAS) and,
subsequently, to the laser-based photoacoustic trace gas detector
for acetaldehyde and ethanol detection (PA). The laser system
was equipped with three detection cells being able to analyze
simultaneously three samples. Water vapor was removed from
the airXow to avoid spectroscopic interference with ethanol and
acetaldehyde on the used laser frequencies. Therefore, before
entering the trace gas detector, water vapor was removed by a
Peltier-cooling element (¡20°C) and a cold trap (¡45°C). Anaer-
obic conditions were imposed on the plants by replacing the in-
Xowing air with nitrogen gas. Variations in the composition of the
carrier gas changed the acoustic behavior of the detection cell.

One Xow (air) through the sample cuvette and another Xow
(nitrogen) through an empty cuvette were used to ensure that
oxygen concentrations in the photoacoustic detector were always
constant. The Xows regulated by mass Xow controllers (MFC)
were recombined using a valve system. b The two-compartment
cuvette, used to monitor separately root and shoot gas emission
and uptake. The shoot compartment (90 ml) and the root com-
partment (45 ml) were separated by a pierced rubber stopper,
through which the seedlings were inserted, and made air-tight
with a water-resistant sealant. The inlets of the cuvettes allowed
gas Xow treatment (N2 or air). The roots compartment inlet
passed through 30-ml water, in which the roots of the intact plants
were placed
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between them. Immediately after the measurements
the fresh weights of roots and shoots were determined.
Three to six individual measurements were performed
for each set of experiments.

Metabolite content in shoots and roots

For detecting metabolite contents and enzyme activi-
ties after anaerobic treatment, plants were placed in a
desiccator, which was continuously Xushed with nitro-
gen, with the roots in nutrient solution. After 4 and
24 h of anaerobic treatment in darkness, plants were
harvested and immediately frozen in liquid nitrogen.
Time between stop of anaerobiosis and freezing was
between 20 and 40 s.

Approximately 200 mg FW of root and shoot tissue
was ground in liquid nitrogen to a Wne powder,
extracted in 0.83 M HClO4 and centrifuged for 15 min
at 13,000 g and 4°C. The supernatant was supple-
mented with 0.25 M bicine, neutralized with 4 M KOH,
and centrifuged again. The extract was then used for
analysis of soluble sugars, ethanol and adenylates.
Contents of glucose, fructose and sucrose were spec-
trophotometrically determined (Uvikon 930, Kontron
Instruments, Munich, Germany) at 340 nm in 0.1 M
imidazole buVer, pH 6.9 with 5 mM MgCl2, 1 mM ATP,
2 mM NAD and 1 U glucose-6-phosphate dehydroge-
nase. Each reaction was started by adding the follow-
ing enzymes: 0.5 U hexokinase to assay glucose
content, followed by addition of 0.2 U phosphoglucose
isomerase to determine fructose, and Wnally addition of
60 U invertase to quantify sucrose in a sequential reac-
tion set (Stitt et al. 1978). Starch was estimated from
the pellet by extraction in 0.2 M KOH for 1 h at 95°C,
neutralization by acetic acid and subsequent incuba-
tion overnight with amyloglucosidase (2 mg ml¡1).
Released glucose was measured as described above.

Ethanol concentration inside the plant tissue was
determined using the metabolite extracts by enzyme-
linked reduction of NAD+ monitored at 340 nm using a
spectrophotometer (Uvikon 930, Kontron Instru-
ments) as described by Bergmeyer (1983). The adenyl-
ate contents were detected with the aid of the
luciferase system as described by WulV and Döppen
(1985) for ATP and by Hampp (1985) for ADP and
AMP. Calculations of the adenylate amounts were
done using an ATP standard curve. ADP and AMP
conversion eYciency was checked with standards for
each experiment. Furthermore, recovery checks for the
extraction method were performed (95% for ATP,
91% for ADP, 72% for AMP). The adenylate energy
charge (AEC) was calculated in accordance to Atkin-
son (1968).

Assay of enzymatic activities

Enzyme activities were extracted from plant tissues in
50 mM Hepes–KOH, pH 6.8, containing 5 mM Mg-ace-
tate, 5 mM mercaptoethanol, 15% (v/v) glycerine, 1 mM
EDTA, 1 mM EGTA and 0.1 mM pefabloc proteinase
inhibitor. A spectrophotometer (Uvikon 930, Kontron
Instruments) was used at 340 nm for detecting the
enzyme activities: PDC (EC 4.1.1.1) was assayed in
50 mM MES, pH 6.8, 25 mM NaCl, 1 mM MgCl2,
0.5 mM TPP, 2 mM DTT, 0.17 mM NADH, 50 mM
sodium oxamate, 10 U ADH and the reaction was initi-
ated by the addition of 10 mM pyruvate (Waters et al.
1991). ADH (EC 1.1.1.1) was assayed in 50 mM TES, pH
7.5, 0.2 mM NADH and the reaction was initiated by the
addition of 10 mM acetaldehyde (Waters et al. 1991).

Statistical analysis

Student’s t-test (P < 0.05) was used to compare the
acetaldehyde, ethanol and CO2 production rates, PDC
and ADH activities and metabolites contents of rice
and wheat roots and shoots and to determine signiW-
cant diVerences among the calculated values.

Results

Fermentation products from whole plants 
during anaerobiosis

The ethanol and acetaldehyde emission from whole rice
and wheat seedlings was initially determined over a 20-h
anaerobic period in the dark. After transfer from ambi-
ent air atmosphere to nitrogen gas atmosphere, oxygen
concentrations in the plant cuvettes declined from 21 to
0% within 15 min. Within the Wrst 30 min of anaerobic
incubation, rice and wheat seedlings started to release
acetaldehyde (Fig. 2a). Wheat plants showed a maximum
of acetaldehyde emission reaching 0.45 �l g FW¡1 h¡1

after 2 h of anaerobiosis. Very low acetaldehyde amounts
were detected during the remaining incubation period.
Acetaldehyde emission in rice seedlings rapidly reached
50% of the maximum wheat level and remained almost
stable for the observed period (Fig. 2a).

Wheat ethanol emission was very low during the 20-
h anaerobic treatment (around 2 �l g FW¡1 h¡1) in
comparison to rice seedlings. Rice released increasing
ethanol levels in the Wrst 10 h of anaerobiosis and then
attained a maximum of 28 �l g FW¡1 h¡1 until the end
of the incubation time (Fig. 2b). As a result the amount
of excreted ethanol was 14 times higher in rice seed-
lings compared to wheat seedlings.
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Fermentation products from roots and shoots 
during 4-h anaerobiosis

The experiments presented in Fig. 2 revealed big
quantitative diVerences of acetaldehyde and ethanol
emission of the whole rice and wheat plant during
anaerobic gas phase treatments. Subsequently, we
were interested to assess, which plant organ released
the two components, and determined the gas emission
from roots and shoots of intact plants using a two-
compartment cuvette (Fig. 1b). Acetaldehyde emis-
sion from shoots of both species was signiWcantly
higher than from roots and comprised 92 and 86% of
the total amount released from rice and wheat seed-
lings, respectively (Table 1). After a 2-h treatment
acetaldehyde emission rate from rice shoots stabilized
at 2.5 �l g FW¡1 h¡1 (Fig. 3a). In wheat shoots acetal-
dehyde emission showed a transient maximum rate of
2.0 �l g FW¡1 h¡1 1.5 h after the incubation start in
the oxygen-free atmosphere and, subsequently,
decreased to a stable value of 0.5 �l g FW¡1 h¡1

within 4 h of anaerobiosis (Fig. 3a). Roots of neither
species displayed an acetaldehyde emission peak but
a constant slow increase during the incubation period
(Fig. 3b). Excised shoots exposed to anaerobiosis
released similar amounts of acetaldehyde as the
shoots of intact plants (data not shown). These results
conWrm that acetaldehyde is produced and released
by shoots of both plant species and is not transported
from roots.

Fig. 2 Long-term fermentation in whole plants. Acetaldehyde
(a) and ethanol (b) emissions from wheat (simple line) and rice
(line with circles) seedlings during anaerobiosis in darkness
were detected on-line on intact plants using the photoacoustic
laser-based gas detection system. One representative mea-
surement selected from three independent experiments is
shown

Fig. 3 Root and shoot 
fermentation during anaero-
bic treatment. On-line moni-
toring of ethanol (c and d) and 
acetaldehyde (a and b) emis-
sions from shoots (a and c) 
and roots (b and d) of intact 
rice (closed circles) and wheat 
(open circles) seedlings ex-
posed to 4-h anaerobic condi-
tions in the dark. A two-
compartment cuvette (shoots 
compartment ¡90 ml and 
roots compartment ¡45 ml) 
was used to monitor simulta-
neously the root and shoot gas 
emission. One representative 
measurement selected from 
three to six independent 
experiments is shown
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The ethanol emissions of roots of both species
steadily increased during anaerobic treatment and fol-
lowed a similar production rate (around
2.5 �l g FW¡1 h¡1, Fig. 3d). Roots and shoots of wheat
seedlings released similar amounts of ethanol on a
fresh weight basis (Fig. 3c, d). Rice shoots drastically
increased the ethanol emission rate to about
50 �l g FW¡1 h¡1 and continuously emitted 20 times
more ethanol compared to rice roots, and also 20 times
more than wheat shoots at the end of the 4-h anaerobic
treatment (Fig. 3c, d).

After 4-h dark anaerobic incubation, CO2 emission
from roots and shoots of wheat decreased to 43 and
24% of the aerobic values, respectively (Table 2). CO2
emission from rice roots and shoots remained at 93 and
36% of the aerobic value, respectively. An indicator
for accelerated anaerobic CO2 production via glycoly-
sis, the Pasteur quotient (PQ), assesses the ratio
between anaerobic and aerobic glycolysis (PQ = 3 £
anaerobic CO2/aerobic CO2, Summers et al. 2000). A
value greater than 1.0 indicates an accelerated glyco-
lytic Xux under anaerobiosis. Almost no acceleration of
anaerobic CO2 release was found in wheat plants, but
rice CO2 production rates revealed a PQ of 3.4 for

roots and of 1.9 for shoots after 4-h incubation in
anaerobiosis (Table 2).

Activities of the fermentative enzymes alcohol 
dehydrogenase and pyruvate decarboxylase

The gas emission results presented above revealed
remarkable diVerences between the shoots of wheat
and rice. Next we tested the hypothesis, that these
diVerences are explained by diVerent activities of fer-
mentative enzymes and diVerent supplies of carbohy-
drates and assayed these activities as well as
carbohydrate contents in both plants.

During normal aerobic conditions, the fermentative
enzymes were more active in the roots than in the shoots
of both species. Wheat roots showed a 1.6 times higher
ADH activity than rice roots (Table 3), while PDC
activity was similar in both plant species. In contrast to
roots, in aerated rice shoots ADH and PDC were four to
Wve times more active than in aerated wheat shoots.

After 4 and 24 h of anaerobiosis, rice root ADH and
PDC activities increased up to Wvefold, while no
increased activities were determined in wheat roots.
ADH and PDC activities were also enhanced in rice
shoots after 24 h of anaerobiosis (two- and sixfold,
respectively), while wheat shoots showed a remarkable
threefold decrease of fermentative enzyme activities
(Table 3).

Carbohydrate depletion and ethanol accumulation 
inside the tissue

Under aerated conditions rice and wheat contained
seven times and three times more soluble carbohydrates
in shoots than in roots, respectively. Rice shoots pos-
sessed a twofold higher total content of carbohydrates
than shoots of wheat seedlings (Table 4). Notably,
shoots of rice contained three times as much sucrose as
wheat shoots (7.3 mg g FW¡1 versus 2.7 mg g FW¡1).

Table 1 Total release (in �l g FW¡1) of acetaldehyde and etha-
nol during 4 h of anaerobic treatment in the dark by shoots and
roots of rice and wheat seedlings, measured by the photoacoustic
system (see Fig. 3)

All values are means of three to six individual experiments with
standard errors. Values with the same superscript letter in one
column do not diVer signiWcantly at P < 0.05 (calculated by the
Student’s t-test)

Acetaldehyde [�l g FW¡1] Ethanol [�l g FW¡1]

Rice
Shoot 4.48 § 0.66b 108.5 § 27.2b

Root 0.40 § 0.07a 10.7 § 3.0a

Wheat
Shoot 2.16 § 0.45b 4.6 § 1.2a

Root 0.35 § 0.02a 5.3 § 1.5a

Table 2 CO2 production rates (in �l g FW¡1 h¡1) in aerobic conditions (control), 2 and 4 h after the onset of anaerobic conditions in
the dark for shoots and roots of rice and wheat seedlings, and Pasteur quotient (PQ = 3 £ anaerobic CO2/aerobic CO2)

All values are means of three to Wve individual experiments with standard errors. Values with the same superscript letter do not diVer
signiWcantly at P < 0.05 (calculated by the Student’s t-test)

CO2 [�l g FW¡1 h¡1] PQ [rel U] CO2 [�l g FW¡1 h¡1] PQ [rel U]

Control 2 h anaerobiosis 2 h anaerobiosis 4 h anaerobiosis 4 h anaerobiosis

Rice
Shoot 782 § 214b 410 § 27a 2.26 § 0.83A 285 § 59a 1.90 § 0.96A

Root 302 § 91a 239 § 39a 2.88 § 0.78B 280 § 48a 3.44 § 0.92B

Wheat
Shoot 469 § 142a 145 § 11c 1.26 § 0.39A 112 § 15c 0.97 § 0.29A

Root 360 § 75a 173 § 18c 1.66 § 0.40A 153 § 22c 1.51 § 0.44A
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During a 4-h anaerobic incubation, increased fer-
mentation rates correlated with a drastic decline in the
carbohydrate content. In shoots and roots of both spe-
cies 40% less carbohydrates were measured than in
aerated seedlings (Table 4). However, the total deple-
tion of carbohydrates was higher in shoots compared to
roots of both species. Rice shoots experienced a two
times higher carbohydrate depletion than wheat
shoots, which was allowed by their higher initial carbo-
hydrate content.

A 24-h anaerobic incubation caused no further
decrease in the glucose and fructose steady-state levels,
but caused continuous depletion of sucrose in all

observed tissues (Table 4). Surprisingly, wheat shoots
contained two times more glucose after 24-h anaerobic
incubation compared to aerated condition indicating
an inhibition of the glycolytic process. Starch contents
were depleted by 65% in shoot tissues during 24-h
anaerobiosis, while root starch contents were very low
under aerobic as well as anaerobic conditions
(Table 4).

In earlier experiments it was shown that most etha-
nol is excreted by plant tissues (Bertani et al. 1980).
However, we also measured ethanol inside plant tis-
sues to ascertain any tissue-speciWc diVerences in etha-
nol excretion. Therefore, the remaining amounts of
ethanol inside the seedlings were enzymatically quanti-
Wed. In aerated rice and wheat roots, ethanol accumu-
lated to approximately 4 and 14 �g g FW¡1,
respectively. These values hardly changed under
anaerobic conditions (Table 4) and indicate the imme-
diate release of almost all produced ethanol from the
roots tissue into the aqueous environment. However,
ethanol strongly accumulated in the shoots during
anaerobic incubation, reaching 20 and 4 times higher
values within a 4-h interval of anaerobiosis compared
to aeration in rice and wheat, respectively (Table 4).
The ethanol concentrations of shoots did not signiW-
cantly increase in the remaining incubation time up to
24 h of anaerobiosis indicating most likely a limited
storage capacity (Table 4).

Energy content and survival

The following experiments were performed to assess
the consequences of the fermentation activities of
rice and wheat on the energy status of diVerent

Table 3 Activities of the fermentative enzymes ADH and PDC
[nmol mg protein¡1 min¡1] in the roots and shoots of rice and
wheat seedlings during aerated control (0 h) and after 4 and 24 h
of anaerobiosis (A) in darkness

All values are means with standard errors of Wve to ten samples.
Values with the same superscript letter in one column do not diV-
er signiWcantly at P < 0.05 (calculated by the Student’s t-test)

ADH [nmol mg
protein¡1 min¡1]

PDC [nmol mg
protein¡1 min¡1]

Rice
Shoot 0 h 115 § 17a 2.8 § 0.7a

4 h A 157 § 13a 7.2 § 1.7b

24 h A 230 § 20b 16.5 § 2.2 c

Root 0 h 279 § 67c 9.0 § 2.3b

4 h A 910 § 356d 12.4 § 2.6b

24 h A 1,300 § 709d 55.2 § 27.7d

Wheat
Shoot 0 h 26 § 7e 0.6 § 0.3e

4 h A 10 § 2f 0.5 § 0.2e

24 h A 8 § 4f 0.2 § 0.2e

Root 0 h 435 § 99g 6.4 § 1.8b

4 h A 419 § 123g 9.8 § 1.8b

24 h A 540 § 199g 14.6 § 5.3bc

Table 4 Contents of soluble carbohydrates, starch [mg g FW¡1] and ethanol [�g g FW¡1] in roots and shoots of rice and wheat seedlings
during aerated control (0 h) and after 4 and 24 h of anaerobiosis (A) in darkness

All values are means of Wve to ten samples with standard errors. Values with the same superscript letter in one column do not diVer
signiWcantly at P < 0.05 (calculated by the Student’s t-test)

Glucose [mg g FW¡1] Fructose [mg g FW¡1] Sucrose [mg g FW¡1] Starch [mg g FW¡1] Ethanol [�g g FW¡1]

Rice
Shoot 0 h 0.49 § 0.04a 0.51 § 0.04a 7.27 § 0.32a 0.51 § 0.04a 10 § 1a

4 h A 0.25 § 0.04b 0.30 § 0.05b 2.46 § 0.22b 0.30 § 0.05b 213 § 38b

24 h A 0.48 § 0.08a 0.25 § 0.06b 0.56 § 0.07d 0.18 § 0.02c 297 § 29b

Root 0 h 0.06 § 0.02c 0.17 § 0.05c 0.93 § 0.09c 0.14 § 0.01c 4 § 2c

4 h A 0.03 § 0.01c 0.12 § 0.03c 0.27 § 0.07e 0.11 § 0.02c 5 § 3c

24 h A 0.02 § 0.00c 0.03 § 0.01d 0.09 § 0.03f 0.07 § 0.02d 4 § 2c

Wheat
Shoot 0 h 0.59 § 0.08a 0.30 § 0.03b 2.67 § 0.16b 0.71 § 0.07e 16 § 2a

4 h A 0.50 § 0.06a 0.25 § 0.03b 0.60 § 0.04d 0.22 § 0.04b 72 § 19d

24 h A 1.17 § 0.15d 0.52 § 0.09a 0.19 § 0.04e 0.25 § 0.05b 50 § 8d

Root 0 h 0.18 § 0.02e 0.24 § 0.04b 0.74 § 0.07c 0.10 § 0.01d 14 § 2a

4 h A 0.10 § 0.02f 0.11 § 0.02c 0.20 § 0.04e 0.07 § 0.02d 14 § 1a

24 h A 0.03 § 0.01c 0.02 § 0.00d 0.11 § 0.03f 0.08 § 0.01d 14 § 4a
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tissues during anaerobiosis. After 4 h of oxygen
deWciency all tissues already contained lower ATP
and ADP concentrations (Table 5). The 50% reduc-
tion of the adenylate contents in wheat turned out to
be more severe than the 30% reduction in rice seed-
lings.

After a 24-h anaerobic incubation the ATP content
was decreased to almost zero in rice roots as well as
wheat shoots and roots, while rice shoots still con-
tained 30% of the aerated control ATP level (Table 5).
Surprisingly, the ADP levels were lowered in the same
way and, thus, the adenylate energy charge
[AEC = (ATP + 0.5ADP)/(ATP + ADP + AMP)] was
only slightly reduced indicating high regulation of the
adenylate steady-state levels.

These ATP values were consistent with the pheno-
type of seedlings after 24-h anaerobiosis and the fol-
lowing re-aeration period for 3 days (Fig. 4). After
24-h anaerobiosis rice shoots were still vivid and
green and able to re-grow, while rice roots and wheat
seedlings were irreversibly damaged. Surviving rice
seedlings were able to produce new, shoot-emerging
roots.

Acetaldehyde and ethanol release during re-aeration

In continuation of the analysis of seedlings during
anaerobiosis the consequences of re-aeration were
investigated for both species. Seedlings of rice and
wheat were exposed to anaerobic conditions for 4 h in

darkness, and were subsequently re-exposed to air for
another 4 h in darkness. Changes in emission of etha-
nol and acetaldehyde were detected during this incuba-
tion time (Fig. 5).

The biochemical properties of seedlings during the
anaerobic period resembled those of previous experi-
ments presented in Fig. 3. Re-transfer to oxygen-con-
taining atmosphere after the 4-h anaerobic incubation
led to a transient burst of acetaldehyde in shoots of
both species. Subsequently, the acetaldehyde emission
dropped to the initial value before re-aeration
(Fig. 5a, c). This acetaldehyde emission peak during re-
aeration was 3.5-fold larger in wheat shoots than in rice
shoots. Rice roots also transiently released acetalde-
hyde (0.1 �l g FW¡1 h¡1) immediately after re-aera-
tion (Fig. 5b). This eVect was not observed in wheat
roots (Fig. 5d). Ethanol emission decreased in roots of
both species after re-aeration. In contrast, after trans-
fer back to air shoots of both species further increased
ethanol release (Fig. 5a, c). These ethanol amounts can
most likely be explained with residual quantities
retained in the tissue during the anaerobic period
(Table 4). These remaining amounts of ethanol could
be emitted via stomata, which can re-open during the
re-aeration period (Jackson et al. 2003; Voesenek et al.
2003).

Table 5 Contents of ATP and ADP [nmol g FW¡1], and AEC
[(ATP + 0.5ADP)/(ATP + ADP + AMP)] in roots and shoots of
rice and wheat seedlings during aerated control (0 h) and after
4 and 24 h of anaerobiosis (A) in darkness

All values are means of Wve to ten samples with standard errors.
Values with the same superscript letter in one column do not diV-
er signiWcantly at P < 0.05 (calculated by the Student’s t-test)

ATP [nmol
g FW¡1]

ADP [nmol
g FW¡1]

AEC [rel U]

Rice
Shoot 0 h 91.0 § 5.1a 61.9 § 6.3a 0.78 § 0.02a

4 h A 60.1 § 4.8b 47.4 § 6.8a 0.73 § 0.05a

24 h A 33.1 § 2.1c 32.5 § 2.1b 0.58 § 0.02b

Root 0 h 39.5 § 2.1d 23.6 § 2.1c 0.79 § 0.02a

4 h A 29.1 § 3.0c 11.8 § 0.8d 0.84 § 0.02a

24 h A 3.8 § 0.6f 3.4 § 0.6e 0.65 § 0.03b

Wheat
Shoot 0 h 52.4 § 3.7b 45.0 § 2.4f 0.66 § 0.03b

4 h A 27.7 § 2.9c 30.3 § 3.3b 0.65 § 0.02b

24 h A 3.7 § 0.3f 2.7 § 0.2e 0.72 § 0.02b

Root 0 h 44.2 § 2.3d 21.9 § 1.9c 0.80 § 0.03a

4 h A 20.1 § 1.1e 11.1 § 1.2d 0.80 § 0.01a

24 h A 2.8 § 0.4f 2.4 § 0.3e 0.66 § 0.02b

Fig. 4 Two-week-old rice and 9-day-old wheat seedlings after
24-h anaerobic treatment in darkness, followed by growth in aer-
ated conditions for further 3 days
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Discussion

Shoots are responsible for a high fermentation activity

During anaerobiosis in darkness fermentation is the
sole way to oxidize NADH, because mitochondrial res-
piration is strongly inhibited (Xia and Roberts 1994). It
is generally accepted that the ability of plants to carry
out ethanolic fermentation under low-oxygen stress
can be associated with tolerance against Xooding.
Other fermentation products such as lactate or malate
are of minor relevance for anaerobiosis tolerance, and
are prevented, since they cause acidiWcation of the
cytoplasm (Roberts et al. 1984). However, the ability
for ethanol production per se is not a strict criterion to
distinguish between low-oxygen tolerant and sensitive
species, but the analyses of the extent of alcoholic fer-
mentation and additional metabolic reactions facilitate
predictions on the tolerance against low-oxygen stress.

We modiWed the set-up of our laser-based detection
system for monitoring ethanol and acetaldehyde
release to allow simultaneous measurements of the two
fermentation products from both, roots and shoots.
Flooding-tolerant rice plants were found to release 14
times more ethanol and 3 times more acetaldehyde
than Xooding-sensitive wheat seedlings during expo-
sure of the entire seedlings to anaerobic conditions in
darkness for 20 h (Fig. 2). The enormously stimulated
ethanol release is entirely assigned to the shoots of rice
seedlings (Table 1, Fig. 3). This high fermentation

capacity of rice shoots was enabled by notably high
activities of ADH and PDC (Table 3) and high
amounts of soluble sugars (Table 4). In contrast, wheat
shoots displayed low fermentative enzyme activities
(Table 3) and strongly limited fermentation rates
(Fig. 3c). Roots of both species contained high activi-
ties of fermentative enzymes (Table 3), but very low
amounts of soluble sugars (Table 4), which also
restricted the fermentation rate (Fig. 3d).

High fermentation rates of shoots likely assure rice
seedlings against the risk of low oxygen during short
periods. The results are consistent with the correlation
of high submergence tolerance and large sugar content
in several rice cultivars. Thereby, the submergence-tol-
erant rice variety FR13A could be a good candidate
having a potentially high fermentation rate (Singh
et al. 2001). According to the low metabolic capacity,
wheat leaves showed necrosis already after a 4-h anaer-
obic exposure in darkness, while shoots of rice resisted
this stress for more than 12 h without visible signs of
leaf damage (data not shown). Furthermore, the
decrease in ATP content was less in rice shoots than in
wheat during 4 h of anaerobiosis (Table 5). All these
observations indicate a severe energy deWcit in wheat
seedlings exposed to anaerobiosis due to a low meta-
bolic rate.

In rice, enhanced glycolytic carbohydrate conver-
sion into ethanol correlates with a two times faster rate
of CO2 release of roots and shoots compared to the
wheat organs (Table 2). Assuming that the release of

Fig. 5 Fermentation during anaerobiosis and post-anaerobiosis.
On-line monitoring of ethanol (closed circles) and acetaldehyde
(open circles) emissions from shoots (a and c) and roots (b and d)
of rice (a and b) and wheat (c and d) plants using the photoacou-
stic laser-based trace gas detector. Seedlings were placed in the
dark (t = 0 h). A two-compartment cuvette (shoots compartment

¡90 ml and roots compartment ¡45 ml) was used to monitor sep-
arately the roots and shoots gas emission under 4-h anaerobic
conditions (gray bar). Subsequently, the plants were re-exposed
to a Xow of air for another 4 h in darkness. One representative ki-
netic selected from at least two independent experiments is
shown. Please notice the diVerent scales
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two CO2 molecules always corresponds to one mole-
cule of hexose passing through glycolysis, rice plants
clearly exhibited an accelerated glycolytic Xux under
anaerobiosis. Anoxia-tolerant Potamogeton pectinatus
shoots also show a strong Pasteur eVect and high fer-
mentation rates during anaerobiosis (Summers et al.
2000). In contrast, sensitive wheat plants did not
enhance the glycolytic rates during low-oxygen stress
(Table 2). These results are consistent with results
showing no Pasteur eVect in intolerant wheat roots
(Albrecht and Wiedenroth 1994).

Ethanolic fermentation during prolonged anaerobiosis

The metabolic diVerences between young seedlings of
rice and wheat indicate that fast ethanolic fermentation
is most likely important for tolerance of short anaero-
bic growth periods. But it is unlikely that fermentation
can sustain survival during a longer period of anaerobi-
osis in darkness since fermentable substrates cannot be
re-generated. Rice seedlings produced ethanol for at
least 20 h on a high level (Fig. 2) to maintain ATP lev-
els in shoots (Table 5), which are apparently suYcient
for a 24-h survival in dark anaerobiosis (Fig. 4). How-
ever, more than 24 h in darkness without oxygen would
also result in severe carbohydrate shortage in rice seed-
lings leading to irreversible damage (Mustroph and
Albrecht 2003).

A low fermentation rate, which was limited by inad-
equate sugar supply and enzyme activities, was not
suYcient for wheat seedlings to persist a 24-h anaero-
bic incubation in darkness (Fig. 4). Surprisingly, wheat
seedlings did not consume all stored carbohydrates
(Table 4), most likely because of insuYcient glycolytic
enzyme activities, as has been shown previously (Albr-
echt et al. 2004). The accumulation of hexoses is likely
due to limited hexose phosphorylation because of
strong ATP deWciency (Table 5). The hexokinase
reaction is one of the limiting steps in glycolysis during
low-oxygen stress (Bouny and Saglio 1996; Germain
et al. 1997), and also the ATP-dependent phospho-
fructokinase needs ATP for the glycolytic process.
Therefore, the initial low fermentation activity in
wheat results in low ATP production and, conse-
quently, inhibits further sugar consumption and
enhances cell death during anaerobiosis. Rice, how-
ever, is not exclusively dependent on ATP-mediated
phosphorylation, but could use the alternative pyro-
phosphate-dependent pathways via sucrose synthase
and pyrophosphate-dependent phosphofructokinase
(Mertens et al. 1990; Mohanty et al. 1993; Guglielmi-
netti et al. 1995; Perata et al. 1997; Gibbs et al. 2000;
Kato-Noguchi 2002).

In contrast to the sensitive young and rapid develop-
ing stages of rice and wheat seedlings, certain older
plants can withstand weeks or months of anaerobiosis
(Crawford and Braendle 1996). Species such as A. cala-
mus and Iris pseudacorus survive long periods of
anaerobiosis by reducing glycolytic rates and metabo-
lism in shoots and rhizomes during wintertime and
storing high amounts of carbohydrates (Schlüter and
Crawford 2001). Although a very slow glycolytic rate
under anaerobiosis could cause severe energy deW-
ciency, it prevents plants from depletion of endogenous
sugar concentrations and is presumably a long-term
strategy when it is coupled to extensive down-regula-
tion of anabolic processes such as protein synthesis.

Acetaldehyde accumulation during anaerobiosis 
and re-aeration

Considerable attention was paid by PWster-Sieber and
Braendle (1994) to acetaldehyde accumulation under
oxygen deprivation. Elevated contents of acetaldehyde
function as a pool of electron donors providing elec-
trons for formation of reactive oxygen species via xan-
thine oxidase. Therefore, acetaldehyde is regarded to
be extremely toxic (Perata and Alpi 1991), and its for-
mation can induce membrane damage (Leprince et al.
2000; Pavelic et al. 2000).

Higher capacity of ADH than of PDC most likely
prevents acetaldehyde accumulation in anaerobic plant
tissue. In our studies, plants began to release acetalde-
hyde 30 min after the onset of anaerobic treatment,
while the release of ethanol followed approximately
20 min later (Fig. 2a). The acetaldehyde release was
mainly observed from shoots (Fig. 3a). The gap
between acetaldehyde and ethanol production caused
a transient high acetaldehyde release from shoots of
wheat plants at the beginning of anaerobiosis (Fig. 3a)
and is attributed to an imbalance between PDC and
ADH activity. A transient accumulation of acetalde-
hyde at the beginning of oxygen deWciency was not
observed in rice shoots (Fig. 3a). Compared to wheat,
rice shoots possess a 4.4 times higher ADH activity
(Table 3), which presumably prevents a transient maxi-
mum of acetaldehyde accumulation. Additionally,
suYcient ADH activities of roots of both species most
likely prevent acetaldehyde accumulation in these
organs (Fig. 3b).

Re-introduction of air to the anaerobically treated
plants gave an immediate post-anoxic peak of acetalde-
hyde emission (Fig. 5), as has been demonstrated
before (Boamfa et al. 2003). Proposed pathways of the
post-anoxic acetaldehyde formation are the H2O2-
dependent catalase-controlled peroxidation of ethanol
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(ethanol + H2O2 ! acetaldehyde + 2H2O, Zuckermann
et al. 1997) or NAD-dependent ADH-controlled oxida-
tion of ethanol (ethanol + NAD+ ! acetaldehyde +
NADH, Monk et al. 1987). During re-aeration most of
the acetaldehyde was released from shoots, which also
store higher amounts of ethanol than roots (Table 4).
Wheat shoots had to cope with 3.5 times higher acetal-
dehyde emission than rice shoots (Fig. 5a, c). The post-
anoxic acetaldehyde peak was noticeably elevated in
wheat shoots, while the corresponding internal content
of ethanol was three times lower than in rice shoots
(Table 4). In contrast, rice shoots prevent excessive pro-
duction of acetaldehyde and subsequent post-anoxic cell
injuries and leaf damage. This observation may be due
to the induction of an aldehyde dehydrogenase during
anaerobiosis and re-aeration in rice plants (Nakazono
et al. 2000; Tsuji et al. 2003). Consequently, the lower
acetaldehyde accumulation is proposed to be another
reason for the high tolerance of rice plants to anaerobic
and post-anaerobic conditions.

Conclusions

The greater tolerance of rice seedlings to transient
anaerobic periods compared to wheat is based on the
biochemical properties of shoots, and not to those of
the roots. These biochemical properties enable suY-
cient ATP production through a faster fermentation
capacity supported by larger resources of fermentable
substrates and higher fermentative enzyme activities,
while toxic acetaldehyde accumulation is suppressed.
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