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Rumex palustris has the capacity to respond to complete submergence with hyponastic (upward) growth and
stimulated elongation of petioles. These adaptive responses allow survival of this plant in habitats with sustained
high water levels by re-establishing contact with the aerial environment. Accumulated ethylene in submerged
petioles interacts with ethylene receptor proteins and operates as a reliable sensor for the under-water environ-
ment. Further downstream in the transduction pathway, a fast and substantial decrease of the endogenous absci-
sic acid concentration and a certain threshold level of endogenous auxin and gibberellin are required for
hyponastic growth and petiole elongation. Interactions of these plant hormones results in a significant increase
of the in vitro cell wall extensibility in submerged petioles. Furthermore, the pattern of transcript accumulation
of a R. palustris a-expansin gene correlated with the pattern of petiole elongation upon submergence.
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INTRODUCTION

Transient flooding with fresh water is a world-wide
phenomenon in river floodplains and wetlands as well as
other terrestrial ecosystems. It frequently results in complete
submergence of plants. In general this excess of water has a
negative impact on growth and survival of most terrestrial
plants, especially when flooding occurs during the growing
season of a plant (Blom and Voesenek, 1996; Colmer et al.,
1998). In an ecological perspective, flooding has a severe
impact on the distribution patterns of plant species and
vegetation in flood-prone environments (Blom, 1999).
Flooding can be seen as an environmental filter, sorting
species according to the traits they possess to cope with this
stress.

Submergence is stressful for higher plants because it
inhibits the entry of atmospheric oxygen to plant leaves and
roots due to the very slow rate of diffusion of gases in water.
The greatly reduced flux of oxygen is much too slow to
support respiration, resulting in energy deficits and, even-
tually, death of cells and tissues in non-adapted plants
(Jackson and Armstrong, 1999). The slow diffusion rate of
gases through water also causes accumulation of endogen-
ously produced gases, such as ethylene, in submerged
plants. The enhanced concentrations of this phytohormone
can result in a severe inhibition of root growth as shown for
plant species belonging to the genus Rumex (Visser et al.,
1997).

A way out of the problem of oxygen shortage is a highly
coordinated enhancement in upward growth of shoot organs
such as stems and petioles. This fast growth, demonstrated
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by a restricted number of plant species (Ridge, 1987),
returns the shoot to the atmosphere above the water surface,
allowing exchange of gases between the plant and atmos-
phere. In this way, the plant can resume aerobic metabolic
activity required for long-term survival. Thus, the shoot
functions as a ‘snorkel’ that facilitates the entrance of
oxygen and the outward ventilation of gases (Voesenek and
Blom, 1999).

The dicotyledonous terrestrial plant Rumex palustris is
used intensively to study acclimatic responses to complete
submergence. Within a few hours of submergence, the
orientation of rosette leaves changes from prostrate to
almost vertical (hyponastic growth). Furthermore, the
youngest petioles demonstrate a strong enhancement in
growth rate that lasts several days (Voesenek and Blom,
1989) (Figs 1 and 2). In existing petioles this growth
response is almost completely attributable to increased cell
expansion (Voesenek et al., 1990).

The signal-transduction pathway in R. palustris that
results in submergence-induced petiole elongation is com-
posed of three major events. First, submergence has to be
sensed in a quick and reliable manner. Hereafter, the
submergence-induced signal is transduced through the
integrated action of plant hormones. Finally, cells in the
petiole perceive the signal and start a cascade of reactions
resulting in hyponastic growth and elongation of the entire
petiole (Voesenek and Blom, 1999).

It is the aim of our research team to elucidate the signal-
transduction pathway that leads to submergence-induced
petiole elongation in R. palustris. This knowledge will
improve insight into basic processes that regulate growth in
higher plants. We also aim to elucidate the rate-limiting
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F1G. 1. Submergence-induced hyponastic growth and petiole elongation in Rumex palustris. At the start of the submergence treatment plants had an
age of 28 days. The length of the black and white squares on the bar is 5 mm. A, Plant submerged for 7 min; B, plant submerged for 8 h; C, plant
submerged for 50 h.

3 —

I Submerged
— Air

)
I

—

Elongation rate (mm/h™1)

o
|

!

Lo - e
0 12 24 36 48 60

Time (h)

F1G.2. Mean elongation rate of Rumex palustris leaves (petiole +

lamina, n = 3) under submerged and air grown (control) conditions. A

linear displacement transducer was connected to the tip of the lamina of

the fifth leaf (youngest) of intact plants placed in a growth room with a

day and night temperature of 20 °C and a photosynthetic photon flux

density of 200 wmol m2 s-!. Dark periods (8 h) are indicated by black
bars. Arrow indicates onset of submergence.

steps in plant species and/or organs that do not demonstrate
enhanced rates of shoot elongation upon submergence.

This paper provides an update on the regulation of
submergence-induced petiole elongation in R. palustris and
the concerted action in this process of ethylene, auxin,
abscisic acid and gibberellins. A model will be presented
that shows our current view and hypotheses on the network
of events that lead to enhanced petiole elongation when the
dicot R. palustris is submerged.

SENSING OF SUBMERGENCE

Gases diffuse approx. 10 000 times slower in water than in
air (Jackson, 1985). In non-photosynthesizing organs of
submerged plants, such as roots, this results in a significant
increase in ethylene and carbon dioxide concentrations,
whereas the levels of oxygen strongly decrease (Jackson and
Armstrong, 1999). However, the endogenous gas concen-

tration is less predictable in submerged photosynthesizing
tissue, such as stems and petioles. In internodal air spaces of
deepwater rice (Oryza sativa L. cv. Habiganj Aman II), the
oxygen and carbon dioxide concentrations followed a
diurnal pattern with high oxygen and low carbon dioxide
levels during the light period. Ethylene increases in this
species gradually with no clear diurnal pattern (Stiinzi and
Kende, 1989). With respect to oxygen, a similar light-
dependent pattern was observed in petioles of R. palustris
(Rijnders et al., 2000). Also in Rumex, ethylene increases
independently of the light level. An increase from 0-05 pl I-!
to more than 1 pl I-' was measured within 1 h of complete
submergence (Banga et al., 1996).

Both carbon dioxide and oxygen are unreliable indicators
of submergence in tissues that have the capacity to
photosynthesize. Ethylene, however, is produced by nearly
all plant organs if some oxygen is present and it is hardly
catabolized. In conclusion, in shoot tissue, ethylene is the
most reliable indicator of the submerged status.

In plants, ethylene is synthesized from methionine via S-
adenosyl-L-methionine (AdoMet) and 1-aminocyclopro-
pane-1-carboxylic acid (ACC). The conversion of AdoMet
to ACC is catalysed by ACC synthase, whereas ACC is
converted to ethylene, carbon dioxide and hydrogen cyanide
by ACC oxidase in an oxygen-dependent process (Kende,
1993). When submerged, shoots of R. palustris produce
ethylene at a rate which is similar to that of non-submerged
controls (Voesenek et al., 1993; Banga et al., 1996) despite
a reduction of the oxygen concentration in submerged
petioles (Rijnders et al., 2000). This can only be realized if
the rate of ethylene biosynthesis is regulated by submer-
gence-induced signals. On a molecular level, cDNAs
corresponding to an ACC synthase gene (RP-ACSI) and
an ACC oxidase gene (RP-ACOI) are up-regulated during
complete submergence (Vriezen et al., 1999a, b). On a
protein level, submergence induces also a significant
increase in the in vitro activity of ACC synthase (Huibers
and Voesenek, unpublished results) and ACC oxidase
(Vriezen et al., 1999b) in R. palustris. We conclude, that
transcription, translation and possibly also post-translational
events of the last two enzymes in the ethylene biosynthesis
pathway maintain continued ethylene production and, thus,
signal strength in environments with sub-ambient oxygen
concentrations.
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During the last few years, enormous progress has been
achieved in unravelling the mechanism by which
Arabidopsis thaliana perceives ethylene. Ethylene is per-
ceived by a family of five membrane-bound receptors that
show a high similarity to two-component receptors known
from prokaryotic organisms (Chang et al., 1993; Stepanova
and Ecker, 2000). These proteins are active in the absence of
ethylene and negatively regulate ethylene responses. In the
presence of ethylene, receptors are switched to a signalling
inactive state, allowing ethylene responses to proceed (Hua
and Meyerowitz, 1998). The consequence of this model of
action is that an increase in mRNA coding for ethylene
receptors and a subsequent increase in receptor protein will
de-sensitize the tissue to ethylene. In this respect, it is
surprising to notice that some receptor genes are up-
regulated by ethylene. In arabidopsis, this was interpreted as
a mechanism to shut down ethylene signalling quickly when
ethylene levels decrease (Hall er al., 2000), as happens
during de-submergence of R. palustris. A cDNA homo-
logous to the arabidopsis ERS genes was isolated recently
from a cDNA library of 24-h submerged shoot tissue of
R. palustris. The transcript level was strongly up-regulated
within 4 h of submergence; fast down-regulation was
observed upon de-submergence (Vriezen et al., 1997). This
submergence response could be mimicked by reduced
oxygen concentrations (3 %) and enhanced ethylene levels
(5 W 1I-Y (Voesenek et al., 1997; Vriezen et al., 1997). If the
ethylene receptor in Rumex operates in a similar way as
described for arabidopsis, an increase in ERS transcript
probably leads to a de-sensitization of the tissue to ethylene.
Probably this has no effect on the shoot elongation response
since over-saturating ethylene concentrations (4-8 pl 1-1)
(Voesenek et al., 1993; Banga et al., 1996) are reached in
submerged shoots of these plants.

Submergence-induced petiole elongation in R. palustris
can partially be mimicked by enhanced ethylene concen-
trations or reduced oxygen levels applied to intact plants in
a controlled atmosphere (Voesenek et al., 1997). When
applied together, the highest growth rate was observed. The
response to low oxygen was ethylene dependent since the
ethylene biosynthesis inhibitor AVG and the ethylene action
inhibitor norbornadiene could inhibit low oxygen-induced
petiole elongation. This inhibition could be rescued by
addition of ACC or ethylene, respectively. This interaction
between low oxygen and ethylene was not caused by a low
oxygen-induced increase in ethylene production but was
related to an increase in ethylene sensitivity (Voesenek
et al., 1997).

TRANSDUCTION OF SUBMERGENCE
SIGNAL

One of the earliest detectable effects of submergence in
R. palustris is a very fast decline of the endogenous abscisic
acid (ABA) concentration. Within 1 h of submergence the
ABA level in petioles is reduced by 80%. This response
could be mimicked by exposure of plants to exogenous
ethylene, demonstrating the interaction between ethylene
and ABA. Since ABA, added to submerged Rumex plants,
severely inhibited elongation of petioles we hypothesize
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that the fast endogenous decline of ABA in submerged
plants is a prerequisite for enhanced petiole elongation
(Benschop, Jackson and Voesenek, unpublished results). A
similar role for ABA is decribed for the elongation of
internodes of deepwater rice (Hoffmann-Benning and
Kende, 1992).

It is tempting to compare these results with an interaction
between ethylene and ABA found in arabidopsis during
sugar-induced feedback inhibition of photosynthesis (Zhou
et al., 1998; Huijser et al., 2000; Smeekens, 2000). The
recessive gin/ mutant in arabidopsis is insensitive to
glucose repression of cotyledon greening and expansion,
shoot development, floral transition and gene expression.
GINI acts downstream of the sensor hexokinase in the
glucose signalling pathway (Zhou et al, 1998).
Furthermore, ABI4, a gene that encodes a transcription
factor in ABA signal transduction (Finkelstein et al., 1998),
acts downstream of GINI in this pathway (Huijser ef al.,
2000). The ginl phenotype could be mimicked by addition
of ACC to wild-type plants. As expected, glucose insensi-
tivity was also demonstrated in the constitutive ethylene
signalling mutant ctr/ and in the ethylene overproducer efol
(Zhou et al., 1998). These data suggest that ethylene can
regulate ABA-mediated inhibition of reserve mobilization
during germination. Via a similar cascade it is possible that
during submergence-induced shoot elongation in R. palus-
tris ethylene stimulates the breakdown of starch via a down-
regulation of ABA action. We assume that sugars are
necessary to fuel submergence-induced petiole elongation
and to provide building units for cell wall synthesis
accompanying elongation. Starch breakdown in response
to submergence is also described for elongating internodes
of deepwater rice (Raskin and Kende, 1984a).

Submergence-induced petiole elongation in R. palustris
also depends on the concentration of at least one other group
of plant hormones: gibberellins (GAs). Application of the
GA biosynthesis inhibitor paclobutrazol partially decreases
the elongation response upon submergence. This reduced
elongation could be rescued by addition of GA; (Rijnders
et al., 1997). Submergence induces an increase in the
concentration of the bioactive GA; and not in GA,,
indicating that GA, is probably the most important
gibberellin in submergence-induced petiole elongation in
R. palustris. However, the first significant increase in GA
was observed only 6 h after submergence indicating that the
early hours of submergence-induced petiole elongation do
not require an increase in the endogenous level of GA;
(Benschop and Voesenek, unpublished results). The up-
regulation of GA,; after 24 h of submergence could be
mimicked by 5 pl I-! ethylene (Rijnders et al., 1997). This
observation indicates an interaction between ethylene and
GA, although an intermediate role for ABA cannot be
excluded in this interaction. This interaction between
ethylene and GA is further strengthened by the observation
that petiole responsiveness to exogenous GAj3 increases in
the presence of 5 pl I-! ethylene (Rijnders et al., 1997).

The antagonism between GA and ABA is earlier
described for submergence-induced elongation in inter-
nodes of deepwater rice. The decline in endogenous ABA
upon submergence explained, at least in part, the increase in
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tissue sensitivity to GA in this plant. Together with an
increase in the endogenous GA; concentration this lead to
an increased GA signal strength (Raskin and Kende, 1984b;
Hoffmann-Benning and Kende, 1992).

We hypothesize that an increase in hydrolytic enzyme
activity is required for fast underwater elongation of R.
palustris. This will produce sugars, via the breakdown of
starch in shoot and tap root, needed for cell wall synthesis
that must accompany cell elongation. A decline in the starch
concentration in Rumex shoots was observed within 24 h of
submergence (Cox and Voesenek, unpublished results).
Since the concentration of GA; is not up-regulated in R.
palustris during the first hours of stimulated petiole
elongation, we assume that a fast decrease of ABA is
essential for an increase in the GA/ABA ratio and thus an
increase in GA signal strength. This in turn may regulate the
required hydrolytic enzyme activity in shoots of Rumex.

Some aquatic and semi-aquatic plant species (e.g.
Ranunculus sceleratus, Nymphoides peltata) require auxin
for maximal submergence-induced elongation (Voesenek
and Blom, 1999). Neither removal of the lamina (putative
auxin source) nor addition of N-1-naphthylphthalamic acid
(NPA), an inhibitor of polar auxin transport, had any effect
on the submergence-induced elongation of R. palustris
petioles as measured over a response time of 48 h (Rijnders
et al., 1996). However, with these relatively long-lasting
experiments, we cannot exclude the possibility that auxin
does play a significant role during the first hour of
submergence-induced petiole elongation. This becomes
extra relevant if we take into account that internode
elongation in Pisum sativum requires an interaction between
auxin and GA (Ross et al., 2000). Decapitation (removal of
auxin source) results in a reduction of the concentration of
mRNA that codes for an enzyme involved in the synthesis of
active GA| (GA 3B-hydroxylase) and in a reduction of the
concentration of GA; in pea internodes. This down-regu-
lation was completely rescued by application of indole-3-
acetic acid (IAA) to the remaining ‘stump’ of the shoot
internode of decapitated plants. These results show that at
least in pea internode elongation, biosynthesis of GA;
requires a certain threshold of endogenous IAA.

DIFFERENTIAL AND NON-DIFFERENTIAL
GROWTH

The first visible effect of submergence on the phenotype of
R. palustris is hyponastic growth of petioles and leaf blades
(Fig. 1). This differential growth response starts within 2 h
of submergence and is finished after 6-8 h (Cox and
Voesenek, unpublished results). By this time the youngest
leaves have an almost vertical orientation. The putative
functional significance of this hyponastic growth lies in the
reduction of the distance of the photosynthesizing tissue to
the water surface. Preliminary experiments indicate that
hyponastic growth during submergence is induced by
ethylene and that it requires auxin. It is not yet known
how these two hormones interact in hyponastic growth.
An interaction between auxin and ethylene is described
for waterlogging-induced formation of adventitious roots in
R. palustris (Visser et al., 1996). Waterlogged roots of
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R. palustris accumulate ethylene to a level that induces
formation of adventitious roots in non-waterlogged plants.
Inhibition of ethylene production decreased the number of
adventitious roots induced by waterlogging, indicating that
high ethylene is required for the intiation of these roots.
Ethylene promotes also the development of adventitious
roots at the nodes of deepwater rice (Bleecker et al., 1987;
Lorbiecke and Sauter, 1999). The endogenous auxin
concentration did not change in Rumex during water-
logging-induced adventitious rooting. However, a continu-
ous basipetal transport of auxin from the shoot to the rooting
zone (upper part taproot) is required for adventious root
formation. Furthermore, it was shown for R. palustris that
exogenous auxin could induce root formation in the
presence of an ethylene biosynthesis inhibitor. However,
applied ethylene was unable to induce adventitious roots in
the presence of an auxin transport inhibitor. Waterlogging-
induced formation of adventitious roots in R. palustris can
be explained by a model in which high ethylene concen-
trations sensitize the root-forming tissue in the upper part of
the taproot to endogenous IAA (Visser ef al., 1996).

To reach the water surface as quickly as possible, it is of
utmost importance that differential growth switches to
elongation of the entire petiole. Submergence-induced
petiole elongation is equally distributed over the entire
organ, as demonstrated by an experiment in which the most
responsive petiole (youngest) was marked from top to base
to distinguish six segments of 2 mm (Rijnders et al., 1996).
During submergence-induced petiole elongation, no new
cells were formed, indicating that the increase in petiole
length upon submergence is completely attributable to
increased cell expansion (Voesenek et al., 1990).

For sustained cell elongation and water uptake, cell wall
loosening and synthesis of cell wall components is required.
There is general consensus that elongation of plant cells is
ultimately controlled by the extensibility of cell walls
(McQueen-Mason and Rochange, 1999). Cell walls extend
much faster at acidic pH than at neutral pH (Rayle and
Cleland, 1992). This ‘acid growth’ requires expansins, a
class of cell wall proteins, as mediators of extension.
Expansins appear to break hydrogen bonds between cellu-
lose and other cell wall polysaccharides, thereby permitting
turgor-driven cell enlargement (Cosgrove, 2000). Treatment
of R. palustris with fusicoccin, a powerful enhancer of the
plasmalemma H*-ATPase activity, stimulated petiole
elongation (Vriezen and Voesenek, unpublished results).

An a-expansin cDNA (Rp-EXPI) was isolated from a R.
palustris cDNA library constructed from the two youngest
leaves of plants submerged for 24 h. The transcript level in
petioles increased within 2 h of submergence; de-submer-
gence induced a fast decline of the concentration of mRNA
(Vriezen et al., 2000). When R. palustris was treated with
exogenous ethylene (5 l I-!) an up-regulation of Rp-EXP1
gene expression was already observed after 1 h. In situ
mRNA hybridization showed that Rp-EXPI mRNA was
detectable in vascular bundles, parenchyma cells, epidermis
and in the angular collenchyma indicating that all cell types
in the petiole express this gene (Vriezen et al., 2000), as
presumably required to provide a coordinated elongation
response of all tissues in the petioles.
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F1G. 3. Representative traces of acid-induced extension of cell walls
from submerged (8 h) and control petioles of Rumex palustris. To
measure cell wall extentensibility, intact petioles (length approx. 10 mm)
were frozen, thawed, abraded and pressed prior to clamping in the
extensometer. Petioles were clamped under an applied force of 30 g and
extension was recorded with a linear displacement transducer. Heat-killed
petioles (15 s in boiling water) showed no detectable acid-induced
extension.

The increase in Rp-EXPI transcript upon submergence
correlates with the extensibility of isolated cell walls of
R. palustris as measured with the extensometer assay
(Vreeburg and Voesenek, unpublished results). An example
of a typical extensometer trace from petioles of previously
submerged or non-submerged plants after 8 h of treatment,
is shown in Fig. 3. Heat-killed petioles demonstrated no
acid-induced extension (data not shown).

The expression of o-expansins is also studied in deep-
water rice and correlated in this species with acid-inducible
cell wall extensibility (Cho and Kende, 1997). Recently, it
was shown for deepwater rice that the expression of [-
expansins also correlated with rapid internode elongation
under water (Lee and Kende, 2001).

SYNTHESIS

The signal transduction and response network in Fig. 4
presents our current view and hypotheses on how submer-
gence-induced petiole elongation in Rumex palustris is
regulated. Ethylene accumulates in submerged Rumex
plants and signals the plant that its outside environment is
changed from air to water. Hereafter, interactions between
ethylene and ABA, ethylene and GA, and possibly also
between ethylene and auxin and between ABA and GA
regulates petiole elongation in a highly coordinated way.
We hypothesize that cell wall acidification might be an
important process to induce elongation within a few hours
of submergence. This acidification response could be
mediated by auxin and perhaps also ABA. It is reported
that ABA can inhibit H* pumps and 14-3-3 proteins in guard
cells (Schroeder et al., 2001). We therefore cannot exclude
the possibility that a reduced ABA content, as observed in
submerged R. palustris, might stimulate acidification of the
apoplast. More indirectly a reduction in ABA might result in
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an increased GA signal strength. Via this route GA-
enhanced starch breakdown in the shoot can produce sugars
to fuel proton pump activity and deliver building blocks for
cell wall synthesis.

However, to continue the fast petiole elongation rate for
several days more than only acidification is required. As
petioles of R. palustris mature, they loose the capacity to
elongate in response to submergence or exogenous ethylene
(Voesenek and Blom, 1989). This might be related to an
increase in cross-linking of the cell wall matrix (Cosgrove,
1998). A decrease of in vitro acid-induced extensibility was
observed for non-submerged control petioles (Vreeburg and
Voesenek, unpublished data). We here speculate that the
increased expression of a member of the expansin gene
family in submerged petioles (Vriezen et al., 2000)
counteracts this developmental decline in extensibility and
thus enhances long-term elongation.

So far, an overview is given of components and their
sequence involved in submergence-induced petiole elonga-
tion in R. palustris. On top of these data, we have indications
that the rate of petiole elongation is also under tight
environmental control. In this fine-tuning mechanism oxy-
gen plays a major role. Ambient oxygen concentrations
inhibit ethylene-mediated petiole elongation; maximal
elongation was observed at concentrations between 3 and
10 % oxygen (Voesenek et al., 1997). This mechanism
results in a quick restoration of shoot—atmosphere contact
when plants are opposed to submergence conditions that
result in low endogenous oxygen concentrations in the
shoot. Such conditions can occur when underwater photo-
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synthesis is inhibited by large amounts of suspended fine
sediment in the flood-water.

Some plant species like R. palustris and deepwater rice
(for reviews, see Kende et al., 1998; Sauter, 2000) are
stimulated in growth when exposed to submergence or
ethylene. Others, sometimes closely related species, how-
ever, are significantly reduced in growth rate under similar
conditions. It is still an enigma how congenial species such
as those belonging to the genus Rumex can have such an
opposite response to ethylene. A better understanding of this
variation among species is important to comprehend
distribution patterns and species abundance in natural
environments. Rumex acetosa is flooding intolerant, and
its distribution is restricted to rarely flooded habitats.
Furthermore, it lacks traits such as aerenchyma formation,
development of adventitious roots and ethylene-driven
petiole elongation that increase survival in flooding prone
environments (Blom and Voesenek, 1996). R. acetosa
differs in some aspects of the signalling network resulting in
shoot elongation from R. palustris. The non-elongating
R. acetosa lacks the fast decline in ABA (Benschop, Jackson
and Voesenek, unpublished results), misses an up-regula-
tion of GA; (Rijnders et al., 1997) and expansin transcript
concentration is not enhanced upon submergence or
ethylene application (Vriezen et al., 2000). We have
evidence that GA; is not the rate-limiting step causing
lack of submergence-induced petiole elongation in R.
acetosa. Addition of GA to submerged or ethylene-exposed
plants could not rescue its non-elongating phenotype
(Rijnders et al., 1997). It is not yet clear whether ABA
and/or expansins are important to explain the inability of
petioles of R. acetosa to elongate under water.
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