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Long-Term Anoxia Tolerance’

Multi-Level Regulation of Gene Expression in the Amphibious Plant Acorus calamus L.
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Institute of Plant Physiology, University of Berne, Altenbergrain 21, CH-3013 Berne, Switzerland

Acorus calamus is a monocotyledonous wetland plant that can
withstand extremely long periods of anoxia. We have investigated
the expression of genes coding for pyruvate decarboxylase (Pdc),
alcohol dehydrogenase (Adh), and fructose-1,6-bisphosphate al-
dolase (Ald) during periods of anoxia ranging from 2 h to 2 months.
Upon anoxic incubation, Pdc mRNA levels peak at 6 h, followed
by Adh and Ald, which peak at 12 and 72 h, respectively. Subse-
quently, the mRNA levels of all three genes decline within days to
low levels. In contrast, alcohol dehydrogenase (ADH) protein levels
increase steadily for at least a week and then remain constant.
Native gel electrophoresis demonstrates the presence of two sets
of ADH isozymes, one present constitutively, the other enhanced
during anoxia. Translation initiation factor 4A protein levels, used
as a control, remain constant during 2 months of anoxia. The
results suggest that A. calamus has developed a complex anaerobic
response consisting of differential regulation of transcription,
translation, and posttranslational processes.

Gas diffusion from the atmosphere to the soil is drastically
limited during flooding. As a consequence, the respiratory
activity of roots and microorganisms rapidly depletes the
bulk soil solution of oxygen and anoxic conditions are created
in the root environment (Drew and Lynch, 1980). Such
conditions are harmful to dryland species and can lead to
irreversible damage. The ability to survive oxygen deprivation
varies greatly among species. Potato tubers and maize roots,
for example, do not survive more than 3 d under anoxia
(Sachs et al., 1980; Sieber and Brandle, 1991). Rice seeds and
seeds of barnyard grass (Echinochloa crus-galli) have the
capacity to germinate under flooded or anoxic conditions
(Opik, 1973; Kennedy et al., 1980). Seedlings of both species
survive at least 4 d under these conditions (Cobb and Ken-
nedy, 1987).

Acorus calamus (Fig. 1) is a monocotyledonous amphibious
plant. An important anatomical feature of this plant is the
rhizome, a stem morphosis comparable to a potato tuber,
which, together with the adventitious roots, remains sub-
merged at all times. In summer, high metabolic activity and
photosynthesis in the above-water leaves lead to starch ac-
cumulation in the rhizome. Oxygen is supplied predomi-
nantly by transport through the shoot (Steinmann and Bran-
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dle, 1984; Studer and Brandle, 1984). In fall, the aerial leaves
senesce and newly formed leaves remain small and sub-
merged. The entire plant lives submerged during winter and,
similar to other marsh plants, is in a resting state with reduced
metabolic activity (McKee and Mendelssohn, 1984; Stein-
mann and Brandle, 1984). It has been reported that submer-
gent macrophytes, which do not die back in winter, show
photosynthetic activity under ice and limited light conditions
coupled with low water temperatures (Boylen and Sheldon,
1976). This may also be true for A. calamus.

In Schoenoplectus lacustris, a marsh plant comparable to A.
calamus with respect to its morphology and life cycle, starch
content in the rhizome slightly increases during winter, al-
though total amylase and starch phosphorylase activity are
high during this period (Steinmann and Brandle, 1984). This
also suggests that there may be photosynthetic activity in A.
calamus during winter. In spring, active metabolism resumes
and allows rapid growth of the young leaves into the air.
Thus, despite prolonged oxygen deprivation during winter,
A. calamus can embark on vigorous growth with the advent
of spring (our unpublished observation).

Anoxia tolerance in plants is related to flooding tolerance
(Fagerstedt and Crawford, 1987) and involves the concerted
action of a number of morphological and metabolic adapta-
tions (Hook, 1984). A. calamus, like other flood-tolerant spe-
cies such as rice, S. lacustris L. Palla, Spartina alterniflora
Loisel, Glyceria maxima, Iris pseudacorus, and others, has a
well-differentiated aerenchyma, which enables internal aer-
ation of flooded parts (Armstrong, 1979) as well as elimina-
tion of potentially toxic end products (Monk et al.,, 1984;
Studer and Brandle, 1987). The rhizome stores large amounts
of carbohydrate, allowing energy metabolism to continue
during prolonged periods of flooding (Steinmann and Bran-
dle, 1984). In plants, glycolysis and fermentation are the
main pathways through which carbohydrates are degraded
and ATP and NAD" are produced (for reviews, see Jackson
and Drew, 1984; Walker et al., 1987; Brandle, 1990; Drew
and Stolzy, 1991). Ethanolic fermentation is thought to be an
advantage during anoxia because ethanol metabolism, unlike
that of lactate, does not result in severe cytoplasmic acidosis

Abbreviations: ADH, alcohol dehydrogenase; Adh, gene for ADH;
AEC, adenylate energy charge; ALD, cytoplasmic fructose-1,6-bis-
phosphate aldolase; Ald, gene for ALD; elF-4A and elF-5A, eukary-
otic translation initiation factor 4A and 5A, respectively; PDC,
pyruvate decarboxylase; Pdc, gene for PDC.
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ligation with EcoRI linkers, the cDNA was inserted into the
EcoRI site of the expression vector AZAP II (Stratagene, La
Jolla, CA). Packaging into A\ phage was carried out with
Gigapack II Gold Packaging Extract (Stratagene). After am-
plification, plaques were screened with the cDNA clone
PZM54 (coding for maize aldolase, kindly provided by W.J.
Peacock), resulting in the partial cDNA clone pACAld (coding
for A. calamus ALD). One hundred thirty-four base pairs of
PACAId were sequenced and showed 79% homology at the
DNA level to a region between +917 and +1050 in the
coding region of pZM54. Library screening with the cDNA
clone pZM84 (coding for maize ADH, kindly provided by V.
Walbot) gave the partial cDNA clone pACAdh (coding for A.
calamus ADH). The pACAdh DNA sequence showed 71%
homology to the maize Adhl region located between +13 and
+139 in the coding region (Gerlach et al., 1982). The clones
were used for northern blot hybridization.

Oligonucleotide primers based on the maize PDC ¢cDNA
sequence (Kelley, 1989), 5'-CGCCATGGAT(CT)TCCAC-
(CTHTCGATGGT(GA)TA-3’ and 5'-CCAAGCTTA(CT)G-
CCGCCGA(CT)GGGTA(CT)GC-3’, were used to amplify A.
calamus first-strand cDNA obtained after reverse transcrip-
tion of poly(A)" RNA from 24-h anoxically treated leaf tissue.
Four Pdc fragments were cloned into the HindIl/HindIlI site
of pBluescript SK—. Double-stranded templates were se-
quenced using dideoxy sequencing with T7 polymerase
(Pharmacia). Sequencing of the four Pdc clones, named
pACPdcl, pACPdc5, pACPdc8, and pACPdcl2, indicated
100% identity at the nucleotide level between pACPdc1 and
pACPdc5 and 100% identity between pACPdc8 and
PACPdc12, but only 82% identity between the two groups.
This suggests that PDC is encoded by at least two genes.
Alternatively, since A. calamus is a wild species, allelic com-
plexity in the triploid genome may be possible. pACPdcl
nucleotide sequence showed 87% homology to the coding
region from +3084 to +3183 in the maize Pdc clone (Kelley,
1989).

Northern Blot Analysis

Total RNA was quantified both spectrophotometrically and
visually by the staining of stripped northern blots in 0.02%
methylene blue dye in 0.3 M sodium acetate, pH 5.5. Excess
dye was gently washed away with water. Equal loads of total
RNA were separated on 1.2% agarose glyoxal gels after
glyoxylation (Hull, 1985). This is based on the assumption
that the amount of rRNA, which makes about 98% of total
RNA, is approximately unchanged during incubation (Gal-
lagher, 1982; Dennis et al., 1985; Kuhlemeier et al., 1987).
Consistency of total RNA loading was tested by staining for
ribosomal RNA bands as described above. Northern blotting
and hybridization procedures were carried out under stand-
ard conditions (Sambrook et al., 1989). Blots were hybridized
with appropriately digested fragments of the plasmids below.
pZM84 (maize ADH) and pZMPK437pstkpn (coding for
maize PDC and kindly provided by P. Kelley) were randomly
labeled DNA probes. The final wash was at 50°C. pZM54
(encoding maize ALD) and pACAld (encoding A. calamus
ALD) were also randomly labeled. The final wash was at
55°C. pACAdh and pACPdc were used for antisense RNA

synthesis. The last wash was at 65°C. Transcript size was
determined by comparison of the signals with a glyoxylated
BRL 1-kb DNA ladder. After exposure, the blots were
stripped by putting them into 0.1% SDS at 98°C for a few
minutes, and, subsequently, they were allowed to cool to
room temperature. The same blots were used to hybridize to
each of the three probes coding for ALD, PDC, and ADH.

Densitometric scanning of appropriately exposed northern
blots was performed with a CD 60 densitometer (Digitana,
Horgen, Switzerland).

Protein Extraction

Homogenization of tissue frozen in liquid nitrogen was
performed exactly as described for RNA extraction using the
micro-dismembrator. Proteins were extracted in 0.1 m Tris-
HCI, pH 7.5, 0.1% 2-mercaptoethanol, 0.2% PVP, and 5%
polyvinylpolypyrrolidone by vortexing and centrifugation in
a microcentrifuge at 13,000g for 20 min at 4°C. Total protein
concentration was measured according to Bradford (1976).
The samples, containing final concentrations of 0.125 M Tris-
HCI, pH 6.8, 12.5% glycerol, 0.02% bromphenol blue, and
0.025% 2-mercaptoethanol were either used immediately for
separation by PAGE or frozen in liquid nitrogen and kept at
—80°C.

Western Blot Analysis

Ten micrograms of total soluble protein was separated
either in a 12.5% SDS-PAGE gel or in a native gel (Sachs et
al., 1980) and transferred to nitrocellulose (Schleicher and
Schuell, BA85) on a semi-dry blotter (Millipore). Western
analysis was performed as described (Harlow and Lane, 1988)
with a 1:1000 dilution of either a rabbit anti-barley ADH
antibody (kindly provided by A. Good) or a rabbit anti-
tobacco elF-4A antibody (kindly provided by G.W. Owttrim)
and horseradish peroxidase conjugates. Polypeptide size was
determined by comparison with Amersham Rainbow mol wt
markers run on each gel.

Native Gel ADH Activity Staining

Ten micrograms of total soluble protein was separated by
native gel electrophoresis as described (Sachs et al., 1980).
ADH activity staining was performed according to Constabel
etal. (1990). Pyrazole (0.1 M) acted as a specific ADH inhibitor
of all of the isozymes detected. Densitometric scanning
showed that the intensity of the bands was in a linear range
from 5 to 30 ug of total soluble protein.

In Situ ADH Activity Staining

Rhizomes were surface sterilized in 2% sodium hypochlo-
rite for 2 min and rinsed thoroughly in tap water for 5 min.
Rhizome slices of 100 um were cut with a vibratome (Series
1000, Sectioning System, TPI, St. Louis, MO) and incubated
in 0.1 m Tris-HCI, pH 8.7, 80 pL/mL ethanol (95%) for 5 min
at room temperature. The staining was carried out in staining
solution as described for native gel activity staining for 5 min
at room temperature. The staining reaction was stopped in
100% methanol.
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Figure 1. A. calamus L. The figure has been adapted from Bursche
{(1980) and is Yis natural size. The rhizome is positioned at the
interface between soil and water, and the adventitious roots remain
in the soil. New leaves, formed in autumn, remain completely
submerged during winter and emerge in early spring.

(Davies, 1980; Hochachka and Mommsen, 1983; Roberts et
al., 1984). The AEC (the fraction of the total adenylate pool
that is enriched in high-energy phosphate bonds) correlates
with the level of residual metabolic activity during limited
ATP regeneration (Saglio et al., 1980). In A. calamus, AEC
values remain high during 48 h of anoxia, in contrast to a
dramatic drop observed in potato tubers (Sieber and Brandle,
1991).

During anoxia, the synthesis of various stress proteins is
rapidly induced in plants. These so-called anaerobic polypep-
tides, which have been studied intensively in maize, are
involved in fermentation or Glc-P metabolism. They include
ALD (Kelley and Freeling, 1984; Kelley and Tolan, 1986),
PDC (Wignarajah and Greenway, 1976; Laszlo and St. Law-
rence, 1983; Kelley, 1989), and ADH (Sachs and Freeling,
1978; Ferl et al., 1979; Dennis et al., 1984, 1985).

We are interested in A. calamus as an example of a long-
term anoxia-tolerant plant. In this paper, we report on the
molecular-biological characterization of the anaerobic re-
sponse in A. calamus. We have selected three genes that are
known from maize and other well-studied systems to code
for key components of the anaerobic response and describe
their expression under both short-term and long-term oxygen
deprivation.

MATERIALS AND METHODS

Plant Material

Acorus calamus L. plants (Fig. 1) were harvested from the
Moossee, a lake in the vicinity of Berne, transferred to the
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greenhouse of the Botanical Institute, and kept partially
flooded. A. calamus is a nonfertile triploid plant that repro-
duces vegetatively (Wulff, 1940; Dykyjova, 1980). Therefore,
the plant material can be considered genetically homogenous.
For incubation, the young rhizome was separated from the
old part at a length of 5 to 7 cm and the terminal young
leaves were cut at 5 to 7 cm from the leaf base still attached
to the rhizome; old leaves were removed and adventitious
roots on the young rhizome were trimmed to a length of
about 3 cm. Plant material was washed thoroughly with
water, surface sterilized in 2% sodium hypochlorite for 5
min, and rinsed well with tap water for 10 min. For all
incubations, the plants were placed in groups of three into
plastic beakers in 100 mL of sterile water with 50 mg/L of
chloramphenicol, without flooding the rhizome to facilitate
gaseous exchange, and were incubated in a humidified
atmosphere.

Anaerobic Incubation

For anoxic incubation, we used an anaerobic workbench
(Anaerobic System, Forma Scientific, Marietta, OH) with N,
containing 5% CO, and 10% H; where any traces of O, were
removed by palladium catalysts. Anoxic conditions were
tested with methylene blue anaerobic indicator strips. For 2%
and 20% O, treatment, we flushed chambers with a humid-
ified gas mixture of N> containing 5% CO, and either 2 or
20% O, at an RH of 80%. Short-term treatment was at 25°C
for 24 h in the dark to avoid photosynthetic O, production.
Long-term treatment was at 25°C in the anaerobic work-
bench in complete darkness for periods indicated in the
figures. Under these conditions, internal O, is rapidly de-
pleted from the tissue (Steinmann and Brandle, 1984; Studer
and Brandle, 1984). Control plants were flushed with air in
the dark. Viability tests of anoxically treated A. calamus plants
included reexposure in air until shoot and root growth had
been established and in vivo staining of rhizome slices by the
nitroblue tetrazolium method (Constabel et al., 1990).

RNA Extraction

After anaerobic treatment, the plant material was rinsed
briefly in ice water. The organs were frozen in liquid nitrogen
and either stored at —80°C or used directly for RNA extrac-
tion. Approximately 1 g fresh weight of frozen tissue was
homogenized in a Teflon vessel containing a tungsten carbide
bowl by vigorous mechanical shaking for 60 s using a micro-
dismembrator (Bender and Hobein, Ziirich, Switzerland).
RNA was extracted with hot phenol according to Verwoerd
et al. (1989). Yields were 464 + 205, 348 + 67, and 101 + 43
ug of total RNA per g of leaf, rhizome, and root tissue,
respectively.

cDNA Cloning

Poly(A)* RNA from A. calamus leaves treated anoxically
for 24 h was isolated by chromatography of total RNA on
oligo(dT)-cellulose (Maniatis et al., 1982). Double-stranded
cDNAs were prepared with a cDNA synthesis kit (Pharmacia
LKB) according to the manufacturer’s instructions. Following
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RESULTS

Isolation of A. calamus cDNAs Coding for
Anaerobic Polypeptides

We chose the genes for Ald as a general glycolysis marker
and Pdc and Adh as markers for ethanolic fermentation. We
initially had difficulties in grinding the hard rhizome and
root tissue with mortar and pestle. Finally, the application of
a micro-dismembrator in combination with the hot phenol
extraction method of Verwoerd et al. (1989) (see “Materials
and Methods”) gave satisfactory and approximately equal
yields of leaf and rhizome total RNA on a gram fresh weight
basis. Yields in roots were generally lower. A cDNA library
was generated from poly(A)" RNA isolated from A. calamus
leaf tissue kept in anoxia for 24 h. The library consisted of 2
% 10° independent clones with an average insert size of 500
bp. Heterologous screening with maize Ald and Adh cDNA
clones resulted in the isolation of two Ald clones and one
Adh clone. Four Pdc clones were obtained using the polym-
erase chain reaction. Sequence identities are described in
“Materials and Methods.”

Short-Term Anoxia Response

To investigate how A. calamus responds to short-term
oxygen limitation at the level of gene expression, we analyzed
the mRNA transcript levels of Ald, Adh, and Pdc by northern
blots using equal amounts of total RNA extracted from leaf,
rhizome, and root. Whereas in many experimental systems
anaerobic conditions are created by submergence and gassing
of the solution with nitrogen or argon to deplete molecular
oxygen, we have carried out the incubations by exposing
nonimmersed entire plants to defined gas mixtures. Incuba-
tion in the so-called anaerobic workbench included degassing
of the organs in a vacuum chamber for a short time prior to
anoxic incubation. This ensures that acclimation processes to
anoxia (Hole et al., 1992) remain limited, since the desired
oxygen concentration is quickly established in the tissue.

All three organs responded to hypoxic (2% O,) and anoxic
(0% O,) conditions during incubation in the dark for 24 h by
increasing the transcript levels of the three genes (Fig. 2). In
leaves and rhizomes, transcript levels were higher at 0% than
at 2%. In roots, however, the results were variable. In the
experiment shown here, Adh mRNA levels did not increase,
whereas in a replicate experiment there was a 3.5-fold in-
crease (data not shown).

In Figure 2, normoxically treated plants, which were pre-
pared exactly as the anoxically incubated plants, did not
show elevated RNA levels of the three genes described. Thus,
we are convinced that we can exclude wounding stress as a
cause of induction, and that we are indeed studying anoxia
response in our system. Moreover, it has been reported that
during hypoxia, wounding-inducible mRNAs do not accu-
mulate, whereas they do under aerobic conditions (Butler et
al., 1990). Therefore, we think that it is unlikely that wound-
ing and anoxia act synergistically on gene expression.

Aldolase is an enzyme of the main stem of the glycolytic
pathway, and it appears surprising that Ald mRNA is hardly
detectable under normoxic conditions. Hake et al. (1985) also
reported on very low aerobic levels of Ald mRNA in maize
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Figure 2. Ald, Pdc, and Adh transcript levels during oxygen depri-
vation. A, Ald, Pdc, and Adh transcript levels in A. calamus were
detected by northern blot analysis (10 ug of total RNA per lane).
Plants were incubated for 24 h in the dark at 0, 2, or 20% oxygen
as indicated at the top of the figure. The RNA on the membrane
was hybridized with *’P-labeled DNA probe from pACAld and
riboprobe from pACPdc and pACAdh. B, Quantitation of the north-
ern blot analysis was done by scanning autoradiograms with a
Digitana model CD 60 densitometer. The mRNA levels for each of
the three genes from normoxically grown plants at 20% O, were
arbitrarily set at 1.0.

primary roots, which were visible only after overexposure of
the blots. Thus, under the standard experimental conditions
of short-term O, deprivation, the expression of all three genes
was strongly enhanced in each A. calamus organ.

Long-Term Anoxia Response

In most published work, the time of anoxic incubation was
limited and rarely exceeded 72 h, except for studies of rice
and barnyard grass seedlings (Echinochloa), where anoxic
incubation was for up to 4 to 10 d, respectively (Cobb and
Kennedy, 1987; Kennedy et al., 1990). We investigated gene
expression in A. calamus leaves and rhizomes exposed to
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anoxia for periods ranging from 2 h to 2 months. Anaerobic
treatment had little visible effect on A. calamus leaves and
rhizomes. The leaves grew slightly during the first few days
and, although kept in the dark, the green parts of the plant
were not etiolated after 2 months of anoxia. In contrast to
leaves and rhizomes, roots did suffer under long-term anoxia
and were visibly damaged after 96 h of anoxia. A. calamus
resumed growth of leaves and rhizomes immediately after
transfer back to the air; in addition, new leaves and new
roots formed.

Figure 3 shows the relative transcript levels of Ald, Pdc,
and Adh over 2 months of anoxia both as northern blots (Fig.
3A) and as densitometric scans (Fig. 3B). The time course of
induction was different for each of the individual mRNAs,
i.e. the three genes reached maximum levels at different time
points after the onset of anoxia. Pdc, Adh, and Ald transcript
levels peaked at 6, 12, and 72 h, respectively, based on
scanning densitometry (Fig. 3B). Transcript levels decreased
gradually after this point, although they were still detectable
after 2 months. For each of the three genes, the time course
of induction was comparable in leaves and in the rhizomes.
Thus, the three genes display different induction kinetics, but
the anoxia response of each gene is similar in rhizomes and
leaves.

Comparison of ADH Protein and Transcript Levels during
Long-Term Anoxia

The steep decline in ADH mRNA levels during anoxia was
puzzling, since the plants did not appear stressed, even after
2 months of anoxia. Therefore, we investigated whether the
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ADH protein levels in A. calamus reflected the mRNA profiles
during long-term anoxia. By western blot analysis, we de-
tected two approximately 46-kD immunologically cross-re-
active bands in A. calamus leaf and rhizome using a barley
anti-ADH antibody (Fig. 4A). It is interesting that the protein
gradually accumulated during at least 7 d of anoxia and then
remained constant. Considerable amounts of ADH protein
could be observed under normoxia and the relative increase
during anoxia was only 3- to 5-fold. This was in contrast to
the much stronger increase in ADH transcript levels within
12 h and their subsequent decline (Fig. 3), and indicated
marked differences between Adh transcript levels and the
corresponding levels of ADH protein. Leaves and rhizomes
appeared to respond to oxygen deprivation in a similar fash-
ion with respect to ADH protein levels.

To demonstrate that the rise in ADH protein levels is
specific, we also investigated the levels of two “housekeeping”
proteins, elF-4A (Fig. 4B) (NelF-4A in Owttrim et al., 1991)
and elF-5A (NelF-5A in Chamot and Kuhlemeier, 1992) (data
not shown) via western analysis using antibodies against the
tobacco proteins. The levels of these two proteins remained
constant throughout the experiment and, therefore, we as-
sume that the translational machinery remains intact during
anoxic treatment in A. calamus. This was supported by the
immediate resumption of plant growth during postanoxic
incubation in the air.

ADH Isozyme Pattern under Anoxia

The high levels of ADH protein under normoxia (Fig. 4A)
and the moderate increases in ADH protein levels upon

B LEAF RHIZOME
100 50
80
60 30
40 20
20 10
0 0
9 St PDC PDC 10
s 4 f 8
= 3t 6
g :
S 0 0
2 ADH ADH
30 {60
20 140
10 20
= 0
2h  3d 56d2h  3d 56d

Figure 3. Divergent profiles of mRNA accumulation during 2 months of anoxia in A. calamus. A, Transcript levels of Ald,
Pdc, and Adh in leaf and rhizome tissue were detected by northern blot analysis (10 ug of total RNA per lane). Plants
were incubated in the anaerobic workbench in the dark for the indicated periods. The RNA on the membrane was
hybridized with *?P-labeled DNA probe from pACAld and antisense RNA probe from pACPdc and pACAdh. Control (C)
plants were incubated in air for 28 d. B, Quantitation of the northern blot analysis was done by scanning autoradiograms
with a Digitana model CD 60 densitometer. The mRNA levels for each of the three genes from air-grown control plants

were arbitrarily set at 1.0.



446 Bucher and Kuhlemeier

A

e e e o o @ —— AN

LEAF ‘ :
—— e e esesemes AN
RHIZOME [

2 6121 2 7 14212856
hours days

2 6 121 2 7 14212856 N

hours days

Figure 4. ADH protein accumulates during 2 months of anoxia in
A. calamus. A, Total protein (10 ug) of anoxically (AN) or normoxi-
cally (NORM) treated leaf and rhizome tissue was separated by
SDS-PAGE. ADH protein levels were detected with western blot
analysis using an anti-barley ADH antibody. Incubation times were
as indicated at the bottom of the figure. B, Total protein (10 ug) of
anoxically treated leaf and rhizome tissue was separated by SDS-
PAGE. elF-4A protein levels were detected with western blot analy-
sis using an anti-tobacco elF-4A antibody. Incubation times were
as indicated at the bottom of the figure. Proteins from air-grown
plants served as a control (N).

anoxic treatment led us to ask whether the specific synthesis
of a distinct set of isozymes could contribute to the ADH
accumulation during anoxia. Analysis of ADH isozymes by
ADH activity staining in native polyacrylamide gels (Fig. 5)
revealed at least seven ADH isozymes present at different
levels in normoxic A. calamus (three strong bands with inter-
mediate electrophoretic mobility and two weak bands with
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Figure 5. Two groups of ADH isozymes are detected in A. calamus
upon long-term anoxia by activity staining. Total protein (10 ug)
from A. calamus leaf and rhizome tissue was separated by native
PAGE. ADH isozymes were detected by ADH activity staining (see
“Materials and Methods”). Incubation times were as indicated at
the bottom of the figure. Proteins from air-grown plants served as
a control (N). The seemingly higher activity of rhizome ADH after
14 d of anoxia resulted from 75% excess of total protein acciden-
tally loaded on the gel in this lane only.
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Figure 6. Western analysis shows accumulation of distinct ADH
isozymes in A. calamus during 2 months of complete anoxia. Total
protein (10 ug) from A. calamus leaf and rhizome tissue was sepa-
rated by native PAGE. ADH isozymes were detected by western
analysis using an anti-barley ADH antibody. Incubation times were
as indicated at the bottom of the figure. Proteins from air-grown
plants served as a control (N).

higher and two weak bands with lower mobility). The four
weak bands were only faintly visible in the original gel.
Incubating the gel in the presence of pyrazole, a specific ADH
inhibitor (Constabel et al., 1990), inhibited band formation
in the assay (data not shown). Titration experiments indicated
that band intensity was linear with protein concentration in
the range used and, thus, the assay is at least semiquantitative
(see also Heeb and Gabriel, 1984, for a discussion).

The isozymes detected by activity staining of A. calamus
ADH during long-term anoxia fell into two groups (Fig. 5).
At least five bands (including the two very weak top bands)
did not increase upon anoxic incubation. The two ADH bands
with the highest electrophoretic mobility, however, were
clearly enhanced after onset of anoxia and reached a plateau
after 1 to 2 weeks of treatment. There were no organ-specific
ADH isozymes detectable in A. calamus.

Comparison of ADH Isozyme Activity and Protein Level

The activity staining experiments of Figure 5 indicated the
presence of two enhanced ADH isozymes. To confirm that
the anaerobically enhanced ADH activity was paralleled by
an increase at the protein level, we performed western blot-
ting on the native gels. The barley anti-ADH antibody cross-
reacted with all but the faintest protein bands detectable by
ADH activity staining (Fig. 6). The western blot closely resem-
bled the pattern obtained by activity staining, except for one
quantitative discrepancy. It appears that the isoform with the
highest electrophoretic mobility gives a stronger signal in the
western blot than in the activity gel in comparison with the
other forms (compare Figs. 5 and 6). This will be discussed
below.

In situ experiments showed that under both normoxic and
anoxic conditions, all cells stained positive for ADH activity
(data not shown). Thus, we were unable to demonstrate cell-
specific differences in ADH expression.

DISCUSSION

A remarkable feature of the amphibious perennial plant A.
calamus is its ability to survive extremely long periods of
anoxia. We hope that this system will cast new light on the
regulation of gene expression in higher plants, which is our
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longstanding interest (for review, see Kuhlemeier et al., 1987;
Kuhlemeier, 1992).

Expression of the three genes Pdc, Adh, and Ald is not
coordinately induced. Pdc reacts first and its mRNA levels
reach a maximum early in the anaerobic response, whereas
Adh and Ald mRNA levels peak later. This may suggest a
primary function for PDC in the onset of the anaerobic
response.

In the case of ADH, we were able to compare the mRNA
levels with the levels of protein and enzymic activity. The
results suggest that Adh transcription ceases after 12 h, lead-
ing to a gradual decline in mRNA levels. In contrast, ADH
protein levels increase gradually for at least 1 week, suggest-
ing that even after the arrest of transcription, translation
continues for at least 1 week. This view is supported by the
presence of constant levels of eIF-4A protein and by results
in other laboratories that strongly indicate that posttranscrip-
tional regulation is involved in the anaerobic response in
maize (Sachs et al., 1980; Bailey-Serres and Freeling, 1990;
Andrews et al,, 1993). Cessation of biosynthetic activities
within the first 1 or 2 weeks could improve the energy status
of the tissue and enable the plant to keep essential parts of
its metabolism on a maintenance level during long-term
anoxia.

Our results suggest a third level of regulation of Adh gene
expression, namely at the level of enzymic activity. Although
ADH protein is present at normoxia (Figs. 5 and 6) and thus
could allow A. calamus to react quickly to flooding, ethanol
production is not detected in vivo during normoxia (Studer
and Brandle, 1987). Several explanations for this discrepancy
are possible. The first is that pyruvate is preferentially enter-
ing the tricarboxylic acid cycle via pyruvate dehydrogenase
and thus is not available for ethanolic fermentation. Second,
PDC activity may be limiting due to unfavorable cytoplasmic
pH and thus acetaldehyde, the substrate for ADH, would not
be produced. Third, the presence of an ADH inactivator that
down-regulates ethanolic fermentation during normoxia has
been demonstrated in rice seedlings (Shimomura and Beev-
ers, 1983). Such an inactivator may also operate in A. calamus.

Comparison of Figures 5 and 6 indicates that the enhanced
form(s) of ADH are more prominent in the western blot than
in the activity staining. One explanation for this discrepancy
could be that the anti-barley ADH antibody cross-reacts more
strongly with the enhanced than with the constitutive forms.
If this is true, it would mean that the constitutive ADHs in
A. calamus are less related to the well-characterized ADHs
described so far in the literature. It could also lead to the
hypothesis that our Adh ¢cDNA hybridizes with the products
of inducible Adh genes, and that constitutively expressed
genes have escaped detection in the northern experiments.

A precedent for this is provided by the maize genes coding
for the cytosolic glyceraldehyde-3-P dehydrogenase, Gpc2
and Gpc3, which are differentially regulated during anoxia
(Martinez et al., 1989; Russell and Sachs, 1989). A physiolog-
ical function for the enhanced ADH isozymes has been
suggested by Hanson et al. (1984). In barley aleurone layers,
the K, for NADH of the inducible barley ADH isoforms is
lower than that of the constitutive forms, similar to the Ky
for NADH of lactate dehydrogenase. The authors suggested
that an additional response to anoxia was competition by the

inducible ADH isozymes with lactate dehydrogenase for the
cofactor NADH. This may also be the case for the enhanced
A. calamus ADH isoforms, which thus could contribute to the
control of cellular pH and redox state during long-term
anoxia. The constitutively present ADH isozymes in A. cala-
mus may lead to preadaptation and may have an early
function in the anoxia response.

Our results demonstrate that A. calamus has developed a
multi-level regulation of glycolytic gene expression at the
levels of transcription, translation, and posttranslation to
contend with fluctuations in oxygen availability. In future
experiments, we intend to characterize further the molecular
basis of these responses. In addition, we have initiated a
molecular-genetic characterization of the anoxia response of
A. calamus in its natural habitat.

ACKNOWLEDGMENTS

We thank Dr. R. Brindle for introducing us to the fascinating
subject of wetland plants; Drs. R. Brindle, AJ. Fleming, and G.W.
Owttrim for critical reading of the manuscript and many stimulating
discussions; Drs. W.]. Peacock, V. Walbot, P. Kelley, A.G. Good, and
G.W. Owttrim for the generous gifts of plasmids and antibodies; and
S. Farago and M. Weber for help with the densitometry.

Received March 8, 1993; accepted June.7, 1993.
Copyright Clearance Center: 0032-0889/93/103/0441/08.

LITERATURE CITED

Andrews DL, Cobb G, Johnson JR, Drew MC (1993) Hypoxic and
anoxic induction of alcohol dehydrogenase in roots and shoots of
seedlings of Zea mays. Plant Physiol 101: 407-414

Armstrong W (1979) Aeration in higher plants. Adv Bot Res 7:
225-332

Bailey-Serres J, Freeling M (1990) Hypoxic stress-induced changes
in ribosomes of maize seedling roots. Plant Physiol 94: 1237-1243

Boylen CW, Sheldon RB (1976) Submergent macrophytes: growth
under winter ice cover. Science 194: 841-842

Bradford MM (1976) A rapid and sensitive method for the quanti-
tation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal Biochem 72: 248-254

Brandle R (1990) Flooding resistance of rhizomatous amphibious
plants. In MB Jackson, DD Davies, H Lambers, eds, Plant Life
under Oxygen Deprivation. Ecology, Physiology and Biochemistry.
SPB Academic Publishing, The Hague, The Netherlands, pp
35-46

Bursche EM, ed (1980) Wasserpflanzen. Neumann Verlag, Leipzig,
Germany, p 71

Butler W, Cook L, Vayda ME (1990) Hypoxic stress inhibits multiple
aspects of the potato tuber wound response. Plant Physiol 93:
264-270

Chamot D, Kuhlemeier C (1992) Differential expression of genes
encoding the hypusine-containing translation initiation factor, elF-
5A, in tobacco. Nucleic Acids Res 20: 665-669

Cobb BG, Kennedy RA (1987) Distribution of alcohol dehydrogen-
ase and protein synthesis in the roots and shoots of rice (Oryza
sativa) and watergrass (Echinochloa crus-galli var. oryzicola) seed-
lings. Plant Cell Environ 10: 633-638

Constabel CP, Matton DP, Brisson N (1990) Concurrent synthesis
and degradation of alcohol dehydrogenase in elicitor-treated and
wounded potato tubers. Plant Physiol 94: 887-891

Davies DD (1980) Anaerobic metabolism and the production of
organic acids. In DD Davies, ed, The Biochemistry of Plants,
Metabolism and Respiration, Vol 2. Academic Press, London and
New York, pp 581-611

Dennis ES, Gerlach WL, Pryor AJ, Bennetzen JL, Inglis A, Llew-
ellyn D, Sachs MM, Ferl R}, Peacock W] (1984) Molecular



448 Bucher and Kuhlemeier

analysis of the alcohol dehydrogenase (Adhl) gene of maize.
Nucleic Acids Res 12: 3983-4000

Dennis ES, Sachs MM, Gerlach WL, Finnegan EJ, Peacock WJ
(1985) Molecular analysis of the alcohol dehydrogenase 2 (Adh2)
gene of maize. Nucleic Acids Res 13: 727-743

Drew MC, Lynch JM (1980) Soil anaerobiosis, microorganisms and
root function. Annu Rev Phytopathol 18: 37-66

Drew MC, Stolzy LH (1991) Growth under oxygen stress. In Y
Waisel, A Eshel, U Kafkafi, eds, Plant Roots: The Hidden Half.
Marcel Dekker, New York, pp 331-350

Dykyjova D (1980) Production ecology of Acorus calamus. Folia
Geobot Phytotaxon 15: 29-37

Fagerstedt KV, Crawford RMM (1987) Is anoxia tolerance related
to flooding tolerance? Funct Ecol 1: 49-55

Ferl R], Dlouhy SR, Schwartz D (1979) Analysis of maize alcohol
dehydrogenase by native-SDS two dimensional electrophoresis
and autoradiography. Mol Gen Genet 169: 7-12

Gallagher TF, Ellis R] (1982) Light-stimulated transcription of genes
for two chloroplast polypeptides in isolated pea leaf nuclei. EMBO
] 1: 1493-1498

Gerlach WL, Pryor AJ, Dennis ES, Ferl R], Sachs MM, Peacock
W] (1982) cDNA cloning and induction of the alcohol dehydro-
genase gene (Adhl) of maize. Proc Natl Acad Sci USA 79:
2981-2985

Hake S, Kelley PM, Taylor WC, Freeling M (1985) Coordinate
induction of alcohol dehydrogenase 1, aldolase and other anaero-
bic RNAs in maize. ] Biol Chem 260: 5050-5054

Hanson AD, Jacobsen JV, Zwar JA (1984) Regulated expression of
three alcohol dehydrogenase genes in barley aleurone layers. Plant
Physiol 75: 573-581

Harlow E, Lane D, eds (1988) Antibodies: A Laboratory Manual.
Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, pp
479-504

Heeb M], Gabriel O (1984) Enzyme localization in gels. Methods
Enzymol 104: 416-439

Hochachka PW, Mommsen TP (1983) Protons and anaerobiosis.
Science 219: 1391-1397

Hole DJ, Cobb BG, Hole PS, Drew MC (1992) Enhancement of
anaerobic respiration in root tips of Zea mays following low-oxygen
(hypoxic) acclimation. Plant Physiol 99: 213-218

Hook DD (1984) Adaptations to flooding with fresh water. In TT
Kozlowski, ed, Flooding and Plant Growth. Academic Press, New
York, pp 265-294

Hull R (1985) Purification, biophysical and biochemical character-
isation of viruses, with especial reference to plant viruses. In BWS
Mahy, ed, Virology, A Practical Approach. IRL Press, Oxford, UK,
pp 1-24

jaclfson MB, Drew MC (1984) Effects of flooding on growth and
metabolism of herbaceous plants. In TT Kozlowski, ed, Flooding
and Plant Growth. Academic Press, New York, pp 47-128

Kelley PM (1989) Maize pyruvate decarboxylase mRNA is induced
anaerobically. Plant Mol Biol 13: 213-222

Kelley PM, Freeling M (1984) Anaerobic expression of maize fruc-
tose-1,6-diphosphate aldolase. ] Biol Chem 259: 14180-14183

Kelley PM, Tolan DR (1986) The complete amino acid sequence for
the anaerobically induced aldolase from maize derived from cDNA
clones. Plant Physiol 82: 1076-1080

Kennedy RA, Barrett SCH, VanderZee D, Rumpho ME (1980)
Germination and seedling growth under anaerobic conditions in
Echinochloa crus-galli (barnyard grass). Plant Cell Environ 3:
243-248

Kennedy RA, Fox TC, Everard JD, Rumpho ME (1990) Biochemical
adaptations to anoxia: potential role of mitochondrial metabolism
to flood tolerance in Echinochloa phyllopogon (barnyard grass). In
MB Jackson, DD Davies, H Lambers, eds, Plant Life under Oxygen
Deprivation. Ecology, Physiology and Biochemistry. SPB Academic
Publishing, The Hague, The Netherlands, pp 217-228

Kuhlemeier C (1992) Transcriptional and post-transcriptional regu-
lation of gene expression in plants. Plant Mol Biol 19: 1-14

Plant Physiol. Vol. 103, 1993

Kuhlemeier C, Green P, Chua N-H (1987) Regulation of gene
expression in higher plants. Annu Rev Plant Physiol 38: 221-257

Laszlo A, St. Lawrence P (1983) Parallel induction and synthesis of
PDC and ADH in anoxic maize roots. Mol Gen Genet 192:
110-117

Maniatis T, Fritsch EF, Sambrook J (1982) Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring
Harbor, NY, pp 197-198

Martinez P, Martin W, Cerff R (1989) Structure, evolution and
anaerobic regulation of a nuclear gene encoding cytosolic glycer-
aldehyde-3-phosphate dehydrogenase from maize. ] Mol Biol 208:
551-565

McKee KL, Mendelssohn IA (1984) The influence of season on
adenine nucleotide concentrations and energy charge in four marsh
plant species. Physiol Plant 62: 1-7

Monk LS, Crawford RMM, Brandle R (1984) Fermentation rates
and ethanol accumulation in relation to flooding tolerance in
rhizomes of monocotyledonous species. ] Exp Bot 35: 738-745

Opik H (1973) Effect of anaerobiosis on respiratory rate cytochrome
oxidase activity and mitochondrial structures in coleoptiles of rice
(Oryza sativa L.). ] Cell Sci 12: 725-739

Owttrim GW, Hofmann S, Kuhlemeier C (1991) Divergent genes
for translation initiation factor eIF-4A are coordinately expressed
in tobacco. Nucleic Acids Res 19: 5491-5496

Roberts JKM, Callis J, Jardetzky O, Walbot V, Freeling M (1984)
Cytoplasmic acidosis as a determinant of flooding intolerance in
plants. Proc Natl Acad Sci USA 81: 6029-6033

Russell DA, Sachs MM (1989) Differential expression and sequence
analysis of the maize glyceraldehyde-3-phosphate dehydrogenase
gene family. Plant Cell 1: 793-803

Sachs MM, Freeling M (1978) Selective synthesis of alcohol dehy-
drogenase during anaerobic treatment of maize. Mol Gen Genet
161: 111-115

Sachs MM, Freeling M, Okimoto R (1980) The anaerobic proteins
of maize. Cell 20: 761-767

Saglio PH, Raymond P, Pradet A (1980) Metabolic activity and
energy charge of excised maize root tips under anoxia. Control by
soluble sugars. Plant Physiol 66: 1053-1057

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning: A
Laboratory Manual, Ed 2. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY

Shimomura S, Beevers H (1983) Alcohol dehydrogenase and an
inactivator from rice seedlings. Plant Physiol 71: 736-741

Sieber M, Brindle R (1991) Energy metabolism in rhizomes of
Acorus calamus (L.) with regard to their anoxia tolerance. Bot Acta
104: 279-282

Steinmann F, Brandle R (1984) Carbohydrate and protein metabo-
lism in the rhizomes of the bulrush (Schoenoplectus lacustris L.
Palla). Aquat Bot 19: 53-63 ’

Studer C, Brindle R (1984) Sauerstoffkonsum und Versorgung der
Rhizome von Acorus calamus L., Glyceria maxima (Hartmann)
Holmberg, Menyanthes trifoliata L., Phalaris arundinacea L., Phrag-
mites communis Trin. und Typha latifolia L. Bot Helv 94: 23-31

Studer C, Brindle R (1987) Ethanol, acetaldehyde, ethylene release
and ACC concentrations of rhizomes from marsh plants under
normoxia, hypoxia and anoxia. In RMM Crawford, ed, Plant Life
in Aquatic and Amphibious Habitats. Blackwell, Oxford, UK, pp
293-300

Verwoerd TC, Dekker BMM, Hoekema A (1989) A small-scale
procedure for the rapid isolation of plant RNAs. Nucleic Acids Res
17: 2362

Walker JC, Llewellyn DJ, Mitchell LE, Dennis ES (1987) Anacro-
bically regulated gene expression: molecular adaptations of plants
for survival under flooded conditions. Oxf Surv Plant Mol Cell
Biol 4: 71-93

Wignarajah K, Greenway H (1976) Effect of anaerobiosis on activi-
ties of alcohol dehydrogenase and pyruvate decarboxylase in roots
in Zea mays. New Phytol 77: 575-584

Wulff HD (1940) Ueber die Ursache der Sterilitat des Kalmus (Acorus
calamus L.). Planta 31: 478-491





