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Metabolic Acclimation to Hypoxia in Winter Cereals1

Low Temperature Flooding Increases Adenylates and Survival in Ice Encasement
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ABSTRACT

Cold hardened seedlings of winter wheat (Triticum aestivum L.
em Thell) show an hypoxic hardening response: an exposure to
low temperature flooding increases the tolerance of plants to a
subsequent ice encasement exposure. Seedlings of winter barley
(Hordeum vulgare L.) do not show such a response in similar
experimental conditions. During ice encasement, there are gen-
eral declines in adenylate energy charge (AEC), total adenylates
and ATP:ADP ratios in the crown tissues of two winter wheat
cultivars, and a winter barley, but rates of decline are faster in
the barley. When the ice period is preceded by low temperature
flooding of the whole plant, levels of the adenylate components
are raised significantly in the wheats, and to a lesser extent in
the barley. The survival of plants in ice preceded by flooding is
related to the increased initial level of adenylates at the onset of
the ice encasement stress, and the maintenance of higher levels
of adenylates and ATP in the early stages of ice encasement as
a result of accelerated rates of glycolysis. Higher survival of both
winter wheat and barley plants during ice encasement in the light
is also associated with significantly higher levels of AEC and
adenylates in the early stages of ice encasement.

of flooding increases tolerance to the subsequent more se-
verely hypoxic or anoxic stress of ice encasement. Ice encased
plants which were previously flooded accumulate higher levels
of ethanol and have greater alcohol dehydrogenase (Adh)2
activity, and it was proposed that they enter the ice encase-
ment stress period with an accelerated rate of glycolysis (6).
A similar metabolic acclimation at warm temperatures has
recently been described in root tips of Zea mays (23), with
increased levels of ethanol production and adenylates associ-
ated with the hypoxic treatment.
We have previously reported that the levels of adenylates

in enzymatically isolated cells of winter wheat are not closely
related to the decline in survival of those cells in ice encase-
ment (18) and similarly, that carbohydrate energy reserves of
plant crowns do not limit survival in ice (14, 17). In this paper
we show the declining levels of adenylates in relation to
survival of crown tissue in ice encasement in dark and the
effects of a low temperature flooding (hypoxic) pretreatment
on levels ofadenylates in plants ofdifferent survival potential.
We use for comparison the energy status of plants during ice
encasement in light, which promotes their survival but is not
an acclimation response.

Rosette-type overwintering plants in northern temperate
areas may be subject to low temperature flooding or snow-
melt, which on freezing can give rise to ice encasement of the
plants (19). This condition is normally severely damaging due
to the restrictions to gaseous exchange of the plants, and the
accumulation of anaerobic metabolites which interfere with
cellular metabolism and function (4). Some of the effects of
low temperature flooding on plants are similar to those of ice
encasement but are slower to develop or less severe because
of the greater gaseous exchange rates in flooded than in ice
encased plants.

In field conditions, low temperature flooding frequently
precedes ice encasement. Rakitina (22) reported that with
flooding at 2°C and ice encasement at -5°C, flooding reduced
the tolerance ofwinter wheats to subsequent ice. In conditions
in eastern Canada, ice normally forms just below the freezing
point, and we found that flooding at 2°C promoted the
subsequent survival of winter wheat, but not winter barley
plants in ice at -1°C (5). The flooding effect could be simu-
lated by exposing the plants to a nitrogen atmosphere (6).
This is a metabolic acclimation, in which the hypoxic stress

' Plant Research Centre Contribution No. 1 199.

MATERIALS AND METHODS

Cold hardened plants of winter barley Hordeum vulgare L.
cv Dover, and winter wheats Triticum aestivum L. em Thell
cv Fredrick (soft, white) and cv Norstar (hard, red) were used
in this study. Seeds were germinated and plants grown as
described previously (3) for 5 d at 20°C/1 5°C and 7 weeks at
2°C/0°C at a light intensity of 250 AEm-' * secr.

Stress Treatments

Flats of plants were flooded in plastic tubs filled with tap
water and the leaves trimmed to allow total submersion.
Nonflooded plants in tubs without water were similarly
trimmed and both series of plants were maintained at cold
hardening temperatures. For ice encasement in dark, plants
were washed free of soil, roots removed, crown trimmed to 1
cm length, rapidly weighed in groups of 5 and transferred to
10 mL water at 0°C in 50 mL plastic beakers. After freezing
of this layer at -2°C a further 15 ml of water was added and
the plants were maintained at - °C for the required ice period.

2Abbreviations: Adh, alcohol dehydrogenase; AEC, adenylate en-
ergy charge.
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For ice encasement in light, roots were removed from the
plants and leaves were trimmed to 4 cm (to retain green
laminae) and weighed. After thawing of the ice, crowns were
trimmed to 1 cm under water, the remnant leaves were
weighed and the approximate fresh weight of crown tissue
determined by subtraction. For survival determinations in
these experiments, crown segments with 1 cm roots were iced
as described above, thawed, and transferred to moist vermi-
culite. Survival was determined after 2 weeks regrowth as
described previously (3).

Determination of Adenylates

There are inherent difficulties in the sampling of tissues
within ice blocks. Standard procedures, such as extraction
with cold diethyl ether (21) are unsuitable. A number of
procedures were tested (see "Results") but routinely, ice blocks
were thawed in air at room temperature with frequent gentle
agitation such that the temperature of the tissues did not
increase above 1°C. After release from the ice, tissues were
transferred to 2.5 ml of chilled 2.5% TCA in 2 mM EDTA in
a mortar, ground, rinsed with a further 2.5 ml of 2.5% TCA
with EDTA, and held in ice for 30 min. After centrifugation,
100 ML of the supernatant was diluted to 2.5 mL with 0.1 M
Tris acetate (pH 7.75) with 2 mM EDTA and was analyzed
for the three adenylates by a modification (18) of the method
ofPradet (20). In parallel determinations on the same samples,
ATP was measured directly by luminescence in the luciferin/
luciferase system; ADP was measured as ATP after conversion
with pyruvate kinase and PEP, and AMP was measured as
ATP after conversion with adenylate kinase. Luminescence
was recorded on an LKB 1251 luminometer and the response
rate in each sample was recorded from successive additions
of 10 ML of 1 ,M ATP. Energy charge was calculated by the
method of Atkinson (8), and total solubilized protein was
determined by the procedure of Peterson (15).

RESULTS

Determination of metabolic events in winter cereal tissue
surrounded by ice is complicated by the requirement to
minimize potential changes occurring in tissues during thaw-
ing of the ice. A number of thawing procedures prior to
extraction were evaluated to obtain measurements of aden-
ylates after thawing of the ice, which would satisfactorily
estimate relative levels of adenylates and adenylate energy
charge of plants within the ice. Thawing of the ice with gentle
agitation at room temperature, with care to maintain thaw
water temperature as low as possible (1°C) was chosen as
generally the most acceptable (Table I). Addition ofhigh TCA
concentration to ice before thaw in air decreased the yield of
total adenylates, while thawing in the presence of nitrogen
caused no change in comparison to thawing in air. The various
treatments induced no major changes in AEC, but ATP:ADP
ratios were higher in treatments thawed in the absence of
TCA. Lyophilization of the ice, or removal in boiling buffer
lowered both AEC and total adenylates (data not shown). The
chosen system is similar to, though faster than the thawing
process in natural conditions and yielded consistent values
throughout.

Thawing of the ice blocks takes about 1.5 h. During an
approximate simulation ofthis process by a 1.5 h exposure to
flooding at 0C, a substantial decrease in total adenylates
occurs in all three cultivars, but it is not accompanied by any
significant change in AEC (Table II). Extension of this flood-
ing period to 3 h does not further decrease the level of total
adenylates suggesting that the initial rapid decline in adenyl-
ates is due to a flooding shock (9, 27).
During ice encasement after the flooding shock, there is a

general decline in AEC in all three cultivars (Fig. 1). The
decline is more rapid and slightly greater in the barley, which
is more rapidly killed by the stress. Total adenylates decline
throughout the ice encasement period, but more rapidly in
the first few days of ice (Fig. 1). Dover barley demonstrates
more rapid and greater loss of adenylates than the winter
wheats, and decreases to very low levels in the later stages of
ice encasement when most of the plant population fails to
regrow.
A 2-week period of low temperature flooding before ice

encasement increases survival of wheat plants during subse-
quent ice exposure, in comparison with nonflooded plants.
This is the effect of the low temperature hypoxic hardening,
which occurs in the wheat, but not the barley (Fig. 2; refs. 4
and 5). Before ice encasement, there is a decrease in relative
levels of ATP due to flooding, measurable as slight decreases
in AEC, or as larger decreases in the ATP:ADP ratios (Table
III). Subsequently, the overall decline in adenylate levels
during ice encasement is influenced by previous flooding:
small increases in AEC and larger increases in the ATP:ADP
ratios due to flooding occur at all stages of ice encasement in
the winter wheats and the barley. The ATP:ADP ratios are
maintained or increased in the first 4 d ofice in the previously
flooded wheats, in contrast to the nonflooded wheats, or the
barley with either pretreatment. Total adenylates decline gen-
erally throughout ice encasement, but levels in the two wheat
cultivars are about 40% higher in those plants that were
previously flooded than in those that were not (Fig. 2). The
effect ofthe flooding is more severe on the barley and reduces
the content of total adenylates below that of the nonflooded
control before the ice treatment. Nevertheless, during ice
exposure the loss of adenylates is faster and to lower levels in
those plants not previously flooded. After 2 d of ice, ATP
levels in the previously flooded plants are almost twice those
in the nonflooded plants, while the other adenylates show
much smaller differences (Table IV). The AEC is also in-
creased at this stage by the flooding treatment.
The effects of flooding are emphasized by interpolations

among the data of Figure 2, which give the levels ofATP and
total adenylate at the 50% killpoint due to the treatments
influencing each ofthe three cultivars (Table V). In each case,
when 50% of the plants fail to regrow, there is a higher level
of ATP and of adenylates in plants previously flooded than
in those that are not. Levels in the two wheats with corre-
sponding treatments are similar. Higher levels of adenylates
due to flooding are associated with a longer period to the 50%
kill point in the wheats, indicating an adaptative, or promotive
role. In the barley, the higher adenylate levels are associated
with a considerably shorter period to the 50% kill point,
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Table I. Changes in AEC, ATP:ADP Ratios, and Total Adenylates Associated with Different Conditions
of Thawing of /ce

Crowns of cold hardened Frederick winter wheat seedlings without ice, or ice-encased for 4 d at
-1°C.

AEC ATP Total Adenylates

nmol g fresh nmol/mg
wt protein

Noniced 0.91 5.91 400 ± 22.2a 14.7 ± 1.24
Iced, thaw in air with TCAb 0.75 0.75 106 ± 3.6 4.7 ± 0.34
Iced, thaw in air without TCA 0.78 1.49 131 ± 7.8 5.5 ± 0.42
Iced, thaw in N2 with TCA 0.75 1.08 126 ± 3.1 5.2 ± 0.09
Iced, thaw in N2 without TCA 0.75 1.59 129 ± 5.5 5.5 ± 0.10

a Mean of four replications ± SE. b TCA added to ice surface to give a final concentration of 2.5%
after thaw.

Table II. AEC and Total Adenylates in Crowns of Cold Hardened
Winter Cereal Plants With and Without a Low Temperature Flooding
Shock

Flooding AEC Total Adenylates

nmol/g nmol/mg
fresh wt protein

Dover 0 0.83 334 ± 15a 15.4 ± 1.0
1.5 0.81 184 ± 6 9.5 ± 0.5
3.0 0.83 177 ± 10 9.1 ± 0.3

Fredrick 0 0.81 345 ± 37 14.8 ± 1.8
1.5 0.80 214 ± 3 9.0 ± 0.1
3.0 0.81 236 ± 8 10.4 ± 0.3

Norstar 0 0.74 343 ± 6 13.2 ± 0.3
1.5 0.74 218 ± 4 9.2 ± 0.1
3.0 0.81 219 ± 1 9.5 ± 0.3

a Mean of four replications ± SE.

Days of Ice encasement

Figure 1. Changes in AEC, total adenylates (AdN) and survival of
crowns of cold hardened winter wheat and barley during ice encase-
ment at -1°C. Upper values of AdN on the vertical axis are from
untreated plants; lower values are exposed to 1.5 h flooding at 0°C.

indicating the existence of a damaging component of the
mechanisms leading to adenylate accumulation.

Exposure of plants to light during ice encasement increases
survival of plants of all three cultivars (Table VI; ref. 1).
Substantial decreases in AEC occur after 2 d in ice in the
dark, before plants show any visible damage from ice stress,
whereas AEC is little affected by 2 d of ice in the light. Total
adenylates similarly decrease by 40 to 50% in dark during the
first 2 d of ice encasement, but the losses are considerably less
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Figure 2. Changes in total adenylates (AdN) and survival of crowns
of cold hardened winter wheat and barley during ice encasement with
and without a previous 2-week exposure to low temperature flooding.

in light. Decreases in adenylates and AEC continue in ice,
and at 7 d of exposure the levels are higher in light than in
dark by 10 to 40%. At this stage, higher total adenylates are
associated with higher survival levels, and there are lower
adenylate levels in the more sensitive Dover barley. If crowns
alone without leaf laminae are ice encased in this system, no
differences are observed in the effects of light and dark on
AEC or total adenylates (data not shown).

DISCUSSION

The increased survival of winter wheat in ice encasement
preceded by low temperature flooding has been previously
reported as a promotive response analogous to cold hardening,
or as an hypoxic hardening response (5, 6). It has been
proposed to be due to an increased rate of glycolysis (6) based
on an increased level of ethanol production and Adh activity
during ice encasement when the plants were previously ex-
posed to a flooding period. The current work supports this
proposal and demonstrates higher levels of adenylates
throughout ice encasement after a previous exposure to flood-
ing. The higher levels are apparent before any change in the
survival of the tissue is observed, and hence are considered to
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Table Ill. AEC and ATP:ADP Ratios in Crowns of Cold Hardened Winter Cereal Seedlings during Ice
Encasement With and Without Previous Flooding

Values are means of three experiments, each of three or four replicates.
Ice Encasement (days)

0

AEC ATP

4

AEC ATP
ADP

7

AEC -T
ADP

14

AEC A-P
ADP

Dover
Nonflood 0.87 4.94 0.58 0.44 0.56 0.38 0.54 0.21
Flood 0.85 2.34 0.72 0.98 0.62 0.47 0.55 0.24

Fredrick
Nonflood 0.91 7.12 0.76 1.84 0.74 1.25 0.75 0.71
Flood 0.87 4.81 0.83 4.23 0.77 1.87 0.76 0.95

Norstar
Nonflood 0.85 3.71 0.77 1.76 0.75 1.64 0.73 0.59
Flood 0.79 2.67 0.84 5.32 0.79 2.95 0.76 1.12

Table IV. Content of Individual Adenylates in Crowns of Cold Hardened Winter Cereals after 2 d of /ce
Encasement at -1 IC

ATP ADP AMP Total AEC A-P
ADP

nmol/mg protein

Dover
Nonflood 2.19 ± 0.168 1.90 ± 0.18 0.18 ± 0.08 4.27 ± 0.26 0.73 1.15
Flood 3.80 ± 0.25 2.23 ± 0.14 0.18 ± 0.08 6.22 ± 0.31 0.79 1.70

Fredrick
Nonflood 3.67 ± 0.35 2.08 ± 0.11 0.23 ± 0.14 5.98 ± 0.44 0.78 1.76
Flood 6.21 ± 0.23 2.32 ± 0.21 0.05 ± 0.02 8.58 ± 0.16 0.86 2.67

Norstar
Nonflood 2.68 ± 0.12 2.01 ± 0.15 0.12 ± 0.09 4.81 ± 0.02 0.76 1.33
Flood 5.43 ± 0.02 2.05 ± 0.21 0.38 ± 0.14 7.86 ± 0.25 0.82 2.65

a Mean ± SE of eight replicates (two experiments each of four repetitions).

Table V. Total Adenylates and ATP in the Crowns of Cold
Hardened Winter Cereal Plants at the LD50 (days) of Ice Encasement

LD50 Total Adenylates ATP

d in ice nmol/mg protein
Dover

Nonflood 4.2 3.1 0.9
Flood 2.6 8.7 4.9

Fredrick
Nonflood 4.8 7.5 4.4
Flood 6.9 9.7 6.7

Norstar
Nonflood 8.7 7.3 3.8
Flood 10.6 9.6 4.9

be a major contributory factor to the greater level oftolerance
to ice encasement induced as a response to the earlier flooding.
Proof of a direct causal relationship between raised adenylate
levels and higher survival in ice is not possible from these
studies, but further correlative evidence is provided by the
enhanced survival of plants in light-exposed ice. In this situ-
ation also, raised adenylate levels are observed prior to any
differential survival occurring as a result of light, as compared
to dark ice encasement.

A similar hypoxic acclimation has been reported recently
from corn seedlings at warm temperatures (23), where expo-
sure to low oxygen partial pressure increased survival of root
tips in a subsequent fully anoxic treatment. Moreover, de-
clines in ATP and total adenylates were markedly slower in
anoxia preceded by hypoxia than in anoxia preceded by an
enhanced oxygenation treatment. Hypoxia also induced a
substantial increase in Adh activity leading to increased levels
ofethanol production during subsequent anoxia. These results
are similar to those reported here, and earlier (5, 6) but over
a shorter time period associated with the higher temperature.

It is an interesting contrast that winter barley does not show
similar metabolic acclimation at low temperature as the
wheat; flooding of barley for 2 weeks induces greater plant
death in subsequent ice encasement. Whereas there is a higher
level ofadenylate during ice encasement ofpreviously flooded
plants, a contributory factor to the lower survival is likely to
be the lower level of adenylate at the beginning of the ice
period after the 2 weeks of flooding. The barley plants appear
healthy at this stage, but their reduced adenylate content may
be caused by their greater sensitivity at low temperature to
CO2 (6), to ethanol (1), and to anaerobiosis in general (26) in
comparison to wheat. Further, a greater level ofultrastructural
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Table VI. Changes in AEC and Total Adenylates in Crowns of Cold
Hardened Winter Cereal Plants in /ce Encasement at -1 0C in Light
or Dark

Ice Survival AEC TotalAdenylates
Period

d % nmol/g nmol/mg
fresh wt protein

Dover 0 100 0.86 275 ± 8a 12.9 ± 0.8
Dark 2 100 0.66 135 ± 12 4.7 ± 0.4
Light 2 100 0.80 260 ± 52 8.0 ± 0.9
Dark 7 0 0.63 32 ± 4 3.4 ± 0.8
Light 7 10 0.65 57 ± 7 3.9 ± 0.9

Fredrick 0 100 0.89 328 ± 25 11.2 ± 0.7
Dark 2 100 0.68 194 ± 11 5.5 ± 0.2
Light 2 100 0.84 330 ± 31 8.7 ± 1.0
Dark 7 6 0.64 119 ± 4 5.5 ± 0.4
Light 7 83 0.73 186 ± 17 6.3 ± 0.4

Norstar 0 100 0.81 326 ± 14 10.7 ± 0.8
Dark 2 100 0.70 178 ± 14 4.5 ± 0.2
Light 2 100 0.79 259 ± 37 6.2 ± 0.4
Dark 7 36 0.64 126 ± 11 5.2 ± 0.5
Light 7 94 0.77 140 ± 9 5.9 ± 0.1

a Values are means of two experiments, each of three replicates ±

SE.

damage occurs in crowns of barley than in those of wheat
after several weeks of flooding at 2C (16). Nevertheless,
despite the initial lower level of adenylate, a metabolic re-

sponse to the flooding does occur because in ice the level of
adenylate drops much more slowly in the preflooded plants
than in those not flooded. In the barley, in contrast to the
wheat, this slower adenylate decline is not reflected in higher
survival in ice encasement.
The initial level of adenylates at the start of the ice period

is considered to be the significant contributory factor in
subsequent plant survival in ice. Increased availability of
substrate ATP contributes to plasma membrane activity (10,
13, 24, 25) thereby maintaining cellular ion balances and
turgor. It also allows enhanced turnover and repair of cellular
synthetic systems. Continued accelerated operation of the
glycolytic sequence yields the increased levels of adenylate
with the potential additional accumulation of NADH. In-
creases in the activity of Adh (6) and other dehydrogenases
allow the regeneration ofNAD and the maintenance of redox
balance. These processes may all contribute to an increased
survival rate of the plant tissues in ice, but the final reductive
steps of the process enabling the regeneration of NAD also
involve the production of anaerobic metabolites of known
toxicity (4), which increase as a result ofthe flooding pretreat-
ment (6). Recent evidence indicates that plasma membrane
function is inhibited by accumulated anaerobic metabolites,
particularly the CO2 related ionic species (7). The declining
level of adenylates in iced tissues reported here, and in iced
cells (18) is only approximately correlative, and there is no

direct evidence that cellular damage is induced by the decline
of adenylates below a critical threshold value. A similar con-

clusion was drawn earlier from the declines in carbohydrate
energy reserves during ice encasement which also are not
closely related to decreases in survival (14, 17).

The survival of cereal plants during ice encasement is
promoted by exposure to light (2) as well as the preflooding
treatment. The promotive effect of light is not a sequential
acclimation process but it also is mediated by enhanced levels
of adenylates in the early stages of ice encasement before any
change in survival of tissues can be observed. The higher
relative levels of adenylates in plant crowns in ice in the light
are accompanied by oxygen evolution (2) indicating at least
the partial functioning of photosynthesis. Whether the in-
creased adenylate level is due to photophosphorylation, or to
oxidative phosphorylation in the presence of low levels of
photosynthetically generated oxygen, or to both of these fac-
tors is not yet known. After longer periods in ice, similar or
smaller differences in adenylates exist between the flooded
and nonflooded treatments, associated with substantial differ-
ences in survival. Present evidence supports the concept that
eventual death of plants in ice in light, as in the dark, is due
to the impact of anaerobic accumulations on membrane
function (2). Increases in free fatty acids, phospholipid break-
down, and membrane lipid peroxidation during and after ice
encasement have been recently described (1 1, 12). The im-
mediate stimulus of these changes is not known, but it may
be associated with deleterious anaerobic accumulations. The
changes would be expected to influence membrane function.
The significance of the presently described hypoxic accli-

mation response in practical agriculture or in the ecological
distribution of species is difficult to assess. Frequently in
winter conditions an ice encasement period is preceded by
flooding of varying duration, which could serve to increase
tolerance in ice. Certainly, variation in tolerance to ice in field
conditions is encountered which could be due to previous
flooding, but other factors such as light penetration of snow
layers (2) and soil porosity (17) also are directly involved in
the control of survival. The observation that winter barley
does not show the same response as wheat, at least in the
conditions tested, is very likely to be associated with the
limited survival ofbarley under high stress conditions, despite
its relatively high cold tolerance (5). Standard winter barley
cultivars have limited flooding (4) and ice tolerance, and as
described here and elsewhere (5, 6) they have no, or limited,
adaptive response between the two stresses. As low tempera-
ture flooding and icing are frequent winter conditions in
northern parts of the cereal growing areas, it follows that
barley is more limited in its distribution than winter wheat.
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