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Enhancing the Anaerobic Response
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Proteome analysis, and more recently DNA chip technology, has led to the identi®cation of a large number of
genes that are implicated in the anaerobic response of plants. As a result, an increasingly complex picture of the
response in terms of biochemical and regulatory processes is emerging. A challenge is to ®nd out more about
the function of these newly identi®ed gene products, and how they contribute to ¯ooding tolerance. Our
approach has been to manipulate levels of candidate gene products (using sense and antisense constructs) in the
model system Arabidopsis thaliana, combined with biochemical and phenotypic analysis of the resulting trans-
genic plants. ã 2003 Annals of Botany Company

Key words: Review, anaerobiosis, gene expression, Arabidopsis thaliana, microarrays, gene manipulation.

INTRODUCTION

The anaerobic response of plant cells was ®rst studied in
maize roots. Using two-dimensional electrophoresis, it was
shown that a set of about 20 anaerobic proteins was
synthesized during low oxygen treatment, while synthesis of
the normal aerobic proteins was drastically repressed (Sachs
et al., 1980). Many of these induced proteins were
subsequently identi®ed as enzymes of the glycolytic and
fermentation pathways (Kelley and Freeling 1984a, b;
Kelley, 1989; Dolferus et al., 2000). Proteomics identi®ed a
further 46 proteins (Chang et al., 2000). Associated with the
increased number of gene products shown to be involved in
response to low oxygen stress is a steady increase in the
number of gene products that are implicated in processes
other than sugar breakdown, glycolysis and fermentation,
suggesting that many other biochemical and metabolic
processes are modulated during low oxygen stress. For
instance, xyloglucan endotransglycosylase, a cell wall
loosening enzyme (Sachs et al., 1996), is induced, as is
the ethylene biosynthetic enzyme ACC synthase (1-
aminocyclopropane-1-carboxylate synthase; Olson et al.,
1995).

Proteome analysis has advanced our understanding of the
anaerobic response, but the more sensitive DNA microarray
technology (Schena, 1996; Jordan, 1998; Ramsay, 1998;
Cheung et al., 1999; Duggan et al., 1999; Henn, 1999;
Richmond and Somerville, 2000) has the potential to
generate more information about the different biochemical
and regulatory processes that take place in the plant during
low oxygen conditions. Microarrays offer the possibility of
identifying virtually all genes that are up- or down-regulated
by low oxygen treatment. The high sensitivity of micro-

arrays makes it possible to compare the timing of induction
of a large set of genes during low oxygen treatment and to
identify those genes that are potentially involved in the
regulation of different aspects of the response. A limitation
is that microarray experiments only detect changes in steady
state mRNA levels and cannot distinguish between tran-
scriptional and post-transcriptional aspects of gene regula-
tion. Post-transcriptional control and selective translation
of mRNA have been shown to occur during low oxygen
stress (Bailey-Serres and Dawe, 1996; Bailey-Serres et al.,
1999).

Gene products identi®ed by proteomics and genomics
will require analysis by approaches that determine the
function of each gene in the anaerobic response and how
each gene or gene product contributes to survival. This can
be achieved by a reverse genetics approach, by expressing
the gene in sense or antisense orientation. The phenotype of
the resulting transgenic plants will require analysis at the
biochemical/physiological level, and in terms of ¯ooding
tolerance. The use of a model system like Arabidopsis
thaliana facilitates this approach. First, the arabidopsis
genome sequence is completely known (http://www.arabi-
dopsis.org). Secondly, arabidopsis is readily transformed
(Clough and Bent, 1998), making it relatively easy to screen
for the function of genes using over-expressing and knock-
out transgenic lines. A large number of arabidopsis knock-
out lines using T-DNA insertions and transposons are
available (http://www.jic.bbsrc.ac.uk/staff/michael-bevan/
atis/Resources1.html) for analysis. Thirdly, web sites such
as the arabidopsis functional genomics consortium (http://
afgc.stanford.edu/) and the Stanford microarray database
(http://genome-www4.stanford.edu/MicroArray/SMD/) are
important resources assisting in the elucidation of the
function of arabidopsis genes.
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CAN FLOODING TOLERANCE BE
MANIPULATED IN ARABIDOPSIS?

The anaerobic response pathway starts with the perception
of a single signal (e.g. oxygen levels decreasing below a
threshold level) leading to the activation of a ®rst set of
genes. This may then be followed by activation of a
secondary set of signal transduction events and/or a cascade
of biochemical pathways which are part of the defence/
adaptation mechanisms put in place by the stress (Fig. 1A).
Cross-talk and interactions between different aspects of the
response may take place at any stage of the response. At
different stages during the response new signals can be
generated and signal transduction components induced/
activated, leading to activation of new aspects of the
response.

Successful manipulation of the anaerobic response will
require detailed knowledge of how the response is activated
and which genes are critical in mounting an ef®cient
metabolic reply to the de®ciencies caused by the stress.
Knowledge of the early signal transduction and regulatory
events that lead to the establishment of the entire response
pathway and the genes involved may enable us to manipu-
late the entire response cascade (Fig. 1B). To date, only one
transcription factor with a role in the anaerobic response has
been identi®ed (AtMYB2; Hoeren et al., 1998). Gene
manipulation using regulatory components has been suc-
cessful in the manipulation of freezing tolerance using the
AP2 domain transcription factor CBF1/DREB1B
(Stockinger et al., 1997; Jaglo-Ottosen et al., 1998;
Thomashow, 2001), improving the drought and salinity
response using another AP2 domain transcription factor
DREB1A (Yamaguchi-Shinozaki and Shinozaki, 2001),
enhancing NaCl tolerance using AtGSK1 (Piao et al., 2001),
and increasing freezing and low temperature tolerance using
the transcription factor ABI3 (Tamminen et al., 2001).

An alternative approach to manipulating the anaerobic
response is to use genes that are known to play a role in the
metabolic response (Fig. 1C). Metabolic engineering is
expected to be successful only if the genes that are used
contribute enough to the response to affect plant survival.
That this approach may be successful is demonstrated by the
addition of genes to give increased production of the
metabolite glycine betaine, resulting in improved drought
tolerance (Hanson et al., 1994; Huang et al., 2000;
Sakamoto and Murata, 2000). More recently, it was
shown that manipulation of ABA biosynthesis using the
9-cis-epoxycarotenoid dioxygenase gene (AtNCED3)
resulted in improved drought tolerance in arabidopsis
(Thompson et al., 2000; Iuchi et al., 2001).

MANIPULATION USING REGULATORY
FACTORS: ATMYB2

The GT- and GC-motifs located in the promoter of the
arabidopsis ADH1 gene are critical for the expression of the
gene under a variety of abiotic stress conditions (Dolferus
et al., 1994). The GT-motif, which is found in the promoter
of many anaerobically induced genes, binds AtMYB2, a
transcription factor of the Myb family (Hoeren et al., 1998).
AtMYB2, which was ®rst identi®ed as a drought-inducible
transcription factor (Urao et al., 1993, 1996), is induced by
all stresses known to induce ADH1 (low oxygen, cold,
drought, wounding). Transient assays using protoplasts as
well as particle bombardment experiments demonstrated
that over-expression of AtMYB2 leads to enhanced ADH1-
promoter-driven GUS expression (Hoeren et al., 1998).
AtMYB2 mRNA induction is synchronized with accumula-
tion of ADH1 mRNA under low oxygen conditions, with
AtMYB2 peaking slightly before ADH1 (AtMYB2: 2±4 h;
ADH1: 4±6 h).

Arabidopsis AtMYB2 is a good target for the manipulation
of the anaerobic response. When AtMYB2 was introduced
into arabidopsis under the control of a strong constitutive
promoter (35S-AtMYB2-3¢NOS), none of the resulting
transgenic plants over-expressed AtMYB2 mRNA, and
Southern blot hybridizations showed that in some of the
transgenic plants the construct was truncated or reorganized.
These results may indicate that strong constitutive over-
expression of AtMYB2 in arabidopsis is lethal. To avoid this
problem, we used a dexamethasone-inducible promoter
system to drive AtMYB2 expression (Aoyama and Chua,
1997). We obtained transgenic arabidopsis plants with high
inducible levels of AtMYB2 mRNA. But dexamethasone
showed a strong negative effect on ADH1 expression,
making it impossible to establish the effect of AtMYB2 on
the expression of ADH1 and other anaerobically induced
genes. Dexamethasone treatment was shown to have toxic
effects and cause induction of defence-related genes in
arabidopsis (Kang et al., 1999). When we attempted to use
the classic antisense approach we were unable to ®nd
transformants with signi®cantly down-regulated AtMYB2
mRNA levels, possibly due to the low expression levels of
the gene. We are currently using a more ef®cient method
(Waterhouse et al., 1998; Smith et al., 2000) to down-
regulate AtMYB2 expression in arabidopsis.

F I G . 1. Schematic representation of the anaerobic response. The
anaerobic response consists of a complex tree-like cascade of gene
expression events, starting with a single initial stimulus (decreased
oxygen levels) perceived by a receptor (`R'), and a signal transduction
event leading to the induction of several biochemical reactions as part of
the response (A). Manipulation of the initial regulatory and signal
transduction event may lead to ampli®cation of the entire response
pathway (B). Alternatively, gene manipulation using genes that are
induced later in the response may lead to a partial ampli®cation of the
response pathway. Depending on the importance of this gene, this may
still lead to ampli®cation of the response and improved survival of low

oxygen conditions (C).
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Curiously, treatment with the protein synthesis inhibitor
cycloheximide resulted in a strong up-regulation of AtMYB2
mRNA levels, both under stressed and unstressed condi-
tions, while induction of ADH1 was inhibited (Hoeren et al.,
1998). Cycloheximide has been shown to induce mRNA of
many genes in plants and other organisms, especially in the
case of signal transduction components (Otani et al., 1990;
Wisdom and Lee, 1991; Shen et al., 1993; Berberich and
Kusano, 1997; Horvath et al., 1998). Numerous reports
indicate that cycloheximide stabilizes mRNAs that are
turning over quickly, and that this could involve sequences
in the 5¢ and 3¢ untranslated regions (UTR) of the mRNA, as
well as in the coding region of the message (Fen and Daniel,
1991; Peppel et al., 1991; Gil and Green, 1996; Memon
et al., 1996; Chan and Yu, 1998; Dickey et al., 1998;
Marchant and Bennett, 1998; Yeilding et al., 1998; Johnson
et al., 2000). We expect that post-transcriptional regulation
mechanisms that increase transcript levels via mRNA
stabilization may be important in AtMYB2 regulation.
Post-transcriptional regulation mechanisms have been
shown to play an important role in the regulation of other
anaerobically induced genes (Gallie and Bailey-Serres,
1997; Fennoy et al., 1998).

These observations indicate that the genes encoding the
regulatory factors required to establish the anaerobic
response are transcribed under normal conditions, but
their transcripts are degraded very rapidly. Under low
oxygen conditions, when energy supply becomes critical, a
fast response could be obtained through stabilization of the
transcripts and subsequent translation (Fig. 2A). We are
currently studying AtMYB2 expression in more detail using
reporter gene constructs including the 5¢ and 3¢ UTR, as well
as various parts of the coding region in transgenic
arabidopsis plants (Fig. 2B). Detailed knowledge of
AtMYB2 regulation is essential to understand how the
factor works and how it can be used to manipulate the
anaerobic response.

MANIPULATION OF THE FERMENTATION
PATHWAYS IN ARABIDOPSIS

Most genes induced by low oxygen stress encode enzymes
involved in sugar metabolism, or the glycolytic and
fermentation pathways (Dennis et al., 2000). In arabidopsis
and many other plants, the fermentation pathway enzymes
are not normally present and are induced de novo under low
oxygen conditions. In ¯ooding-tolerant plants, alcohol
fermentation is more important than the lactic acid or
alanine fermentation pathways, and ADH null mutants are
more sensitive to low oxygen conditions than wild-type
plants (Roberts et al., 1984a, b, 1985; Kennedy et al., 1992;
Ellis et al., 1999). Many studies have compared the
importance of these pathways between different plant
species, but it remains to be established how ampli®cation
or knock-out of these pathways really affects ¯ooding
tolerance within one species. The fermentation pathways are
relatively easy targets for gene manipulation; they consist of
only one or two genes. We have cloned the genes involved
in these pathways in arabidopsis and produced sense and
antisense lines to increase or decrease the production of

fermentation pathway enzymes (Table 1). To test the effect
of these changes a survival assay was used (Ellis et al.,
1999; Ellis and Setter, 1999) involving three screening
conditions. Three-week-old arabidopsis plants were trans-
ferred directly to a 0´1 % O2 environment for either 24 h (no
hypoxic pre-treatment, NHPT 24 h) or 48 h (NHPT 48 h), or
plants were ®rst incubated in a 5 % O2 environment before
transfer to a 0´1 % O2 environment for 48 h (hypoxic pre-
treatment, HPT; Fig. 3). We found that over-expression of
the arabidopsis pyruvate decarboxylase genes PDC1 and
PDC2 resulted in improved survival especially under the
48 h NHPT conditions. Strong over-expression of arabi-
dopsis lactate dehydrogenase (LDH1) did not cause
increased sensitivity to low oxygen stress, nor did over-
expression of ADH1 improve survival. These results show
that by changing plant metabolism by manipulating one
gene of the alcohol fermentation pathway, it is possible to
increase plant survival under low oxygen conditions (K. P.
Ismond et al., unpubl. res.). Our ®ndings con®rm previous
reports on the importance of the alcohol fermentation
pathway under low oxygen conditions and the critical role
of the PDC enzyme as a rate-limiting regulatory step in this
pathway (Roberts et al., 1984a, b, 1985; Ricard et al., 1994).

Although it still remains to be established whether PDC-
over-expressing arabidopsis plants are better able to survive

F I G . 2. Model and approaches used to study the regulation of the
anaerobic response using AtMYB2 as a model. A, Model for the
regulation of the anaerobic response, based on post-transcriptional
regulation and mRNA stability. Regulatory factors such as AtMYB2 are
expressed under normal aerobic conditions, but mRNA instability
prevents the mRNA from being translated into a functional transcription
factor. Low oxygen conditions lead to stabilization of the message and
activation of the anaerobic response. This mode of gene activation may
conserve energy when it is most needed, and it may lead to quicker
responses than via transcriptional regulation mechanisms. B, Constructs
used to study post-transcriptional regulation of AtMYB2 expression in
transgenic arabidopsis plants. One set of constructs aims to compare the
effect of the AtMYB2 3¢ UTR on GUS mRNA stability, by comparing
expression levels using the AtMYB2 3¢ UTR and the 3¢ UTR of the
nopaline synthase gene (NOS). A similar approach is used to study the
effect of the AtMYB2 coding region, by fusing different parts of AtMYB2
(5¢, 3¢ and full-length) to the GUS reporter gene. Both the 35S promoter

and the AtMYB2 promoter were used to drive these constructs.
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¯ooding conditions in the ®eld, it is possible that the PDC
gene can be used to improve ¯ooding tolerance in plants
where levels of the PDC enzyme are limiting. Experiments
are in progress to test whether LDH1 knock-outs or
transgenic plants over-expressing the complete alcohol
fermentation pathway (PDC + ADH) can further improve
plant survival.

ADH1 IS INDUCED BY WOUNDING: DO
STRESS RESPONSES OVERLAP?

The arabidopsis ADH1 gene is not only induced by low
oxygen stress, but also by cold, drought and the hormone
ABA. These abiotic stresses only induce the gene in roots
and not in leaves. The GT- and GC-motifs in ADH1 are
critical for all these stress responses, and induction by
dehydration, cold and ABA also requires the G-Box-1
element (Dolferus et al., 1994; de Bruxelles et al., 1996).
The transcription factor AtMYB2 is induced in roots by the
same stresses that activate ADH1 (Hoeren et al., 1998).

We found that ADH1 is also induced in leaves by
mechanical wounding (G. L. de Bruxelles et al., unpubl.
res.). Expression is limited to about ten cell layers in the
immediate vicinity of the wound site, and ABA measure-
ments as well as ABA mutants indicate that ABA is
involved in the process. The wounding response in leaves
requires the same promoter elements as the response to
abiotic stresses in roots.

The role of ADH1 under stress conditions other than low
oxygen stress remains unknown. Is ADH1 part of a set of
genes in plants, with common regulatory features and
functional properties, that are recruited under a variety of
stress conditions? The low oxygen stress response may
consist of different sets of genes, with different regulatory
and functional properties in the response, and some of these
genes could be shared by other stress responses.

MICROARRAYS: THE ANSWER TO MANY
QUESTIONS?

The possibilities of manipulating the anaerobic response
using the genes we know so far are limited. Using
microarray technology, we expect to identify many more
genes involved in this response. We are currently applying
this approach with the aim of identifying genes that are
affected in the earlier stages of the low oxygen response. We
also aim to identify those genes which are induced
speci®cally by anaerobic conditions, and those genes

F I G . 3. Selection scheme used for screening transgenic arabidopsis lines
for improved survival under low oxygen conditions. Three-week-old
arabidopsis plants were subjected to three selective treatments, followed
by a recovery period on vertical plates to score root growth and shoot
survival. HPT, Hypoxic pre-treatment; NHPT, no hypoxic pre-treatment.

TABLE 1. Overview of transgenic arabidopsis lines over-expressing fermentation pathway genes in sense or antisesense
orientation

Plant line Gene used (GenBank ID) Fold mRNA expression compared with C24

C24 Wild-type line 13
35S-ADH1 Arabidopsis ADH1 (M12196) 12´13
EMS4/7 EMS-induced ADH1 null mutant (allyl alcohol selection) 0´033
35S-PDC1 Arabidopsis PDC1 (U71121) 93
35S-1CDP Arabidopsis PDC1, antisense (U71121) Undetectable
35S-PDC2 Arabidopsis PDC2 (U71122) 233
35S-2CDP Arabidopsis PDC2, antisense (U71122) 0´43
35S-LDH1 Arabidopsis LDH1 (AF043130) 6023
35S-1HDL Arabidopsis LDH1, antisense (AF043130) 0´83
35S-AlaAT1 Barley AlaAT1 (Z26322) N/A
35S-1TAalA Arabidopsis AlaAT1, antisense (AF275372) 0´63

Only the PDC1 and PDC2 over-expressing lines performed better than the C24 wild type in survival assays.
mRNA levels were quanti®ed using Northern blot hybridizations and phosphor imager analysis (Dolferus et al., 1994).
ADH1, Alcohol dehydrogenase; PDC1, PDC2, pyruvate decarboxylase; LDH1, lactate dehydrogenase; AlaAT1, alanine aminotransferase.
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which are also activated by a wider range of stresses
(wounding, drought, cold, salinity). cDNA libraries were
constructed from anaerobically induced arabidopsis roots
that were also treated with cycloheximide, as an enrichment
step for rapidly turning-over transcripts that would normally
be under-represented. Two sets of microarrays were
prepared: a 3´5 K array, containing 1000 cDNA clones
from our cDNA library together with 2500 arabidopsis
ESTs from genes involved in plant development and
metabolism. A 10 K array, containing 10 000 random
clones from our library was also prepared.

We have completed the screening of the 3´5 K array using
RNA probes from plant roots that were treated for 0´5, 2, 4
and 20 h in a 0´5 % oxygen environment. We found 249
genes that were signi®cantly affected by the treatment
during this time course. The spectrum of genes that were
changed during the ®rst 0´5 h of treatment was signi®cantly
different from that of the genes induced later (2±20 h).
About 20 % of the differentially expressed genes were
down-regulated at the 0´5 h time point, but not all of these
genes were repressed throughout the 20-h treatment period,
and other genes were found to be down-regulated at other
stages of the anaerobic response. Transcription factors and
signal transduction components were found to change
mainly during the early part of the response, whereas most
metabolic genes were induced during later stages (E. J. Klok
et al., unpubl. res.). The time-course experiment also
allowed us to discriminate between different sets of genes
according to their kinetics of induction or repression (E. J.
Klok et al., unpubl. res.). This grouping of genes allowed us
to identify different biological processes and regulatory
events involved in the anaerobic response. Screening of the
same array with RNA from wounded leaves gave a similar
number of genes (220), but only 34 of these genes were also
present in the gene list from anaerobically treated roots.
Screening for genes affected by drought stress resulted in
the identi®cation of 342 genes. Only four genes were

affected by all three stress treatments, while the overlap
with low oxygen and wounding treatment was larger
(Fig. 4). We plan to screen the larger 10 K microarray for
genes induced by anaerobiosis and other stresses (cold,
drought, salinity), and the hormone ABA, to further dissect
the functional overlap between different stresses.

Microarrays have generated a wealth of new information
about the anaerobic response. The real challenge has
become the functional analysis of these genes and elucida-
tion of their role in the anaerobic response. This would
require production of large numbers of transgenic plants and
tedious examination of this material. However, by focusing
on certain aspects of the response and carrying out
additional microarray screening using carefully chosen
conditions, it may be possible to reduce the number of
target genes signi®cantly. For instance, if the focus is on
transcription factors involved in establishing the response,
time-course experiments revealing gene expression pro®les
will greatly reduce the number of clones to be considered
for further analysis. Screening for genes that are induced by
other stress treatments will eliminate genes that are not
speci®c to the anaerobic response, but could also lead to the
identi®cation of functional units that are required for
different stress responses. Further progress in the ®eld of
bioinformatics (e.g. http://www.gene-regulation.de/; Hehl
and Wingender, 2001) will allow us to identify common
regulatory elements in the promoter region of gene clusters
identi®ed in microarray experiments. This will ultimately
lead to a better understanding of the anaerobic response and
how it is regulated.
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