
Abstract. Ethylene-enhanced leaf elongation upon sub-
mergence is part of the survival mechanism of Rumex
palustris Sm. plants that grow in frequently ¯ooded
areas. Other Rumex species, like R. acetosa L., do not
possess this ability and can therefore only survive in
habitats that are not frequently inundated. Expansins
are proteins that induce extension of isolated cell walls,
and therefore might play a role in the stimulation of
petiole elongation, also in Rumex. We report here on the
identi®cation of several gene sequences encoding for
a-expansins in R. palustris and R. acetosa plants. The
pattern of transcript accumulation of one of these genes,
Rp-EXP1, could be correlated with the pattern of leaf
elongation in R. palustris after submergence or ethylene
treatment. Induction of expansin gene activity was not
found in R. acetosa upon these treatments, indicating
that ethylene induces the expression of expansin genes in
leaves of species that exhibit ¯ooding-induced shoot
elongation.

Key words: Elongation (leaf) ± Ethylene ±
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Introduction

Plants have developed mechanisms to survive in chang-
ing environments. Morphological modi®cations within
plants often result from changes in physiological pro-
cesses, leading to adaptive responses, which may result
in shifts of growth rate or growth form (Blom 1999).

We studied submergence-induced shoot elongation in
species belonging to the genus Rumex. These species

were selected due to their wide distribution in river
¯oodplains and their interspeci®c variation in ¯ooding
resistance (Blom et al. 1994). Flooding resistance in-
cludes the ability to tolerate longer periods of oxygen
de®ciency, to delay ¯owering and to enhance the rate of
petiole elongation (Van der Sman et al. 1993). The
wetland species Rumex palustris Sm. responds to com-
plete submergence with a strong stimulation of petiole
elongation, whereas R. acetosa L., a species from
seldom-¯ooded grasslands, lacks this stimulation of
petiole growth upon submergence. Ethylene accumula-
tion, due to physical entrapment in the tissue under
water, is the primary signal for enhanced leaf elongation
in R. palustris (Voesenek et al. 1997). It causes an
increase in the gibberellin (GA) concentration and
sensitivity of the plant to this hormone (Rijnders et al.
1997). Similar cascades and similar responses are
described for deepwater rice (Raskin and Kende 1984;
Ho�mann-Benning and Kende 1992). Although ethyl-
ene also accumulates inside R. acetosa during submer-
gence, GA levels and the cell elongation rate do not
increase but, on the contrary, decrease (Rijnders et al.
1997; Voesenek et al. 1993). Treatment of submerged
R. acetosa plants with extra GA did not increase the rate
of petiole elongation, indicating that a factor other than
the endogenous GA concentration was limiting growth
in these species (Rijnders et al. 1997).

Flooding-induced shoot elongation in Rumex species
is almost exclusively caused by cells that enlarge in a
longitudinal direction (Voesenek et al. 1990). To allow
volumetric expansion, cells require an alteration of the
structure of the developing wall that determines the cell
form. The plant primary cell wall consists to a large
extent of cellulose micro®brils embedded in a matrix
consisting of two polysaccharide classes ± pectins and
hemicelluloses. The disassembly of this network requires
the combined action of several classes of enzymes such
as endo-1,4-b-glucanases, xyloglucan endotransglycosy-
lases, exo-glycosylhydrolases and expansins (reviewed
by Rose and Bennett 1999). Expansins have been
identi®ed as proteins that act as a catalyst during acid
growth (McQueen-Mason et al. 1992). The activity of

*Present address: Plant Ecophysiology, Faculty of Biology,
Utrecht University, Sorbonnelaan 16, NL-3584 CA Utrecht,
The Netherlands

Correspondence to: W. H. Vriezen; E-mail: wimv@sci.kun.nl;
Fax: +31-30-2518366

Planta (2000) 210: 956±963

Submergence induces expansin gene expression in ¯ooding-tolerant
Rumex palustris and not in ¯ooding-intolerant R. acetosa

Wim H. Vriezen*, Barend De Graaf, Celestina Mariani, Laurentius A. C. J. Voesenek*

Departments of Experimental Botany and Ecology, University of Nijmegen, Toernooiveld 1, 6525 ED, Nijmegen, The Netherlands

Received: 18 August 1999 /Accepted: 26 November 1999



expansins is associated with growing regions in plant
organs, whereas responsiveness to expansin action is lost
as cells mature. Expansins are wall-loosening enzymes
that are induced at low pH and were proven to be
su�cient to restore the creep and stress-relaxation
properties of heat-inactivated walls (McQueen-Mason
and Cosgrove 1995; Cosgrove 1996, 1998; McQueen-
Mason and Rochange 1999). Wall extension can also be
induced by acid conditions (acid growth), but only
transiently (reviewed by Kutschera 1994). Therefore,
expansins might be necessary when prolonged wall
extension is required.

We show in this report that ¯ooding-induced cell
elongation, which is an ethylene- and GA-regulated
process (Rijnders et al. 1996, 1997), is accompanied by
the induction of genes encoding for expansins in
R. palustris. These genes are not induced in R. acetosa,
suggesting that ethylene induces expansin expression
only in ¯ooding-tolerant Rumex species as an essential
part of the ¯ooding-resistance mechanism.

Materials and methods

Plant material and treatments. Achenes of Rumex palustris Sm.
were collected in the river area near Millingen, The Netherlands.
Germination and growing conditions were as described by Banga
et al. (1996). All plants used in these experiments were 26±30 d old
and just starting to develop their ®fth leaf. Plants were grown under
alternating light regimes [16 h light; photosynthetic photon ¯ux
density (PPFD): 65 lmol m)2 s)1 starting at 7.00 am; 8 h dark] at a
constant temperature of 22 °C. The plants were exposed to
constant light and temperature 24 h before and during the
experiments. Submergence took place in an open tank with
25 cm tap water at 22 °C. At several time points after submergence,
shoots or petioles and the lamina of leaf 4, the youngest fully
developed leaf, were cut and directly frozen in liquid nitrogen and
stored at )80 °C until further use. The ethylene treatment (5 ll l)1)
was performed in an airtight box (model 1029; Forma Scienti®c)
with a volume of 670 l. The experiment started with the release of
3.35 ml of pure ethylene into the glove-box. Samples were taken
after 0, 20, 40, 60, 120, 240 and 360 min through an air lock of 48 l.
The ethylene concentration was maintained at 5 ll l)1 by releasing
240 ll ethylene into the glove-box every time that a sample was
taken.

Leaf elongation measurements. Leaves, numbers 3 and 4, were
connected in a vertical orientation to linear variable displacement
transducers type ST2000; (Schlumberger Industries) with a repo-
sitioning of the leaves from a horizontal to a vertical one as a result.
The measured displacement corresponded therefore to the increase
in leaf length and was independent of the change in leaf orientation
from horizontal to vertical that normally occurs during the ®rst
hours after submergence. The leaf length was recorded continu-
ously for 24 h under aerated conditions and an additional 24 h
after total submergence of plants under water.

Cloning of Rumex expansin cDNAs and DNA fragments. The full-
length expansin Rp-EXP1 cDNA was cloned from a R. palustris
cDNA library made from leaf RNA isolated from 24-h-submerged
plants. Degenerated primers EXPBG1 and EXPBG2 were based
upon conserved DNA sequences of known a-expansin sequences
obtained from GenBank (EXPBG1: 5¢ CAA CGG ATC CGC
WTC YGG MAC NAT GGG 3¢; EXPBG2: 5¢ CAA CTG CCA
GGT TGC TYT GCC ART TYT GNC CCC 3¢ using IUB codes).
Total cDNA was isolated from the R. palustris cDNA Uni-ZAP
XR library by using the mass-excision protocol of the manufac-

turer (Stratagene). A 200-ng aliquot of this DNA was used for a
polymerase chain reaction (PCR) reaction in 100 ll PCR bu�er
(Eurogentec) with 1.25 mM MgCl2, 200 pmol of each dNTP,
100 pmol of each primer and 0.8 units of thermostable DNA
polymerase (Goldstar). Thirty cycles of 1.5 min at 94 °C, 1 min at
54 °C and 1 min at 72 °C were performed, preceded by 4 min at
96 °C and terminated with 10 min at 72 °C, in a Perkin Elmer
Thermal cycler. Plaque-forming units (50 000) of the R. palustris
cDNA library were screened according to the manufacturer's
protocol (Stratagene) with the [a-32P]ATP-labeled PCR product.
Filters were hybridized overnight at 65 °C with a solution
containing 5´ saline sodium citrate ± (SSC; 1´ SSC consists of
0.15 M NaCl and 15 mMNa-citrate), 5´ Denhardt's reagent, 0.5%
SDS and 100 lg ml)1 denatured, fragmented salmon sperm DNA.
Membranes were then washed with 0.1´ SSC plus 0.1% SDS at
65 °C. Eighteen positive plaques from the ®rst round of screening
were chosen for further analysis. After a second and third round of
screenings ten plaques hybridized to the probe. Three of these were
sequenced and proved to be identical expansin clones.

Rumex acetosa expansin cDNA clones were obtained by reverse
transcription (RT) of RNA from young leaves. For that, 2.5 lg of
total RNA was dissolved in 10 ll of DEPC (diethyl-pyrocarbonate;
Duchefa Biochemie BV, Haarlem, The Netherlands)-treated water
containing 200 ng of oligo-dT. The mix was preheated for 10 min
at 65 °C and then cooled on ice. The ®rst-strand cDNA synthesis
was accomplished by including 200 units of reverse transcriptase
(Superscript) in 20 ll of RT bu�er supplemented with 0.5 mM of
each dNTP, 20 units of RNasin and 10 mMDTT. After incubation
for 60 min at 37 °C the reaction was terminated at 90 °C for 5 min
and then cooled on ice. The mixture was ®nally incubated for
20 min at 37 °C with 1 unit of RNase H. All reaction components
were obtained from GIBCO-BRL except when stated otherwise.
Using 4 ll of the ®rst-strand cDNA in a PCR reaction that was
performed as described above, a DNA fragment of the expected
size was obtained which was subsequently cloned (TA Cloning Kit;
Invitrogen) and the inserts of ®ve subclones were sequenced. These
sequences proved to originate from two di�erent expansin genes
designated Ra-EXP1 and Ra-EXP2, respectively.

Expansin DNA fragments of genes, designated Rp-EXP2 to Rp-
EXP6 and Ra-EXP3 to Ra-EXP5, were obtained by performing
PCR reactions that were carried out as described above, with
150 ng R. palustris and 150 ng R. acetosa genomic DNA, respec-
tively.

Manipulations of DNA and sequence analysis. The pBluescript
SK()) phagemids containing the positive cDNAs were excised from
the Uni-ZAP XR vector and cloned into Escherichia coli XL1-Blue-
MRF' cells (ExAssist/SOLR in-vivo excision system; Stratagene).
The nucleotide sequence of the cDNAs was determined using a dye
terminator cycle-sequencing kit (PRISM Ready Reaction; Applied
Biosystems) with a genetic analyzer (PRISM 310; Applied Biosys-
tems). Probes for hybridisations were labeled in low-melting-point
agarose with [a-32P]dATP by the random-priming method (Church
and Gilbert 1984). Similarities of deduced protein sequences were
determined using the PAM 100 Weight Table with the clustal
method (Megaline; DNASTAR Inc.).

Isolation of RNA/DNA and blot hybridization analysis. For RNA
gel blots, total RNA was isolated (Van Eldik et al. 1995) and
separated on a 1% (w/v) agarose gel containing 0.4 M formalde-
hyde and 0.1 lg ml)1 ethidium bromide. After electrophoresis, the
gel was examined under UV light and photographed to ensure that
equal amounts of RNA were present in each lane. The RNA was
transferred to a nylon membrane (Hybond-N; Amersham) using
the method described by the manufacturer. Hybridization and
washing conditions were the same as described for the library
screening. The blots were exposed to ®lm (X-Omat AR; Kodak)
with two intensifying screens at )80 °C for 1±7 d. Finally,
hybridization with a tobacco ribosomal cDNA (kindly provided
by Dr. K. Weterings, University of Nijmegen) was performed to
ensure an equal transfer during the blotting procedure. The
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autoradiographs were scanned with a densitometer (Bio-Rad), and
the signals were quanti®ed (Molecular Analyst; Bio-Rad). The
value for the intensity of the signal is the density of the band on the
autoradiograph corrected with the density of the 28S band. All
analyses of messenger concentrations were done at least twice with
di�erent plants in di�erent experiments to ensure that the observed
patterns of the mRNA concentration were reproducible. Genomic
DNA was isolated using the Plant DNA Isolation Kit (Roche).

In-situ hybridization. The RNA probes were synthesized by tran-
scribing base pairs 286±1173 of the Rp-EXP1 cDNA in linearized
pBluescript SK+ (Stratagene) using T3 (sense) and T7 (anti sense)
RNA polymerase and digoxigenin-labeled UTP (Roche). The
middle segment of petioles from plants submerged for 24 h (leaf
4) were ®xed with 4% paraformaldehyde, 0.25% glutaraldehyde in
0.01 M sodium phosphate bu�er (pH 7.2) for 4 h under vacuum,
dehydrated via a graded ethanol series and embedded in Paraclean
(Klinipath, Duiven, The Netherlands). Sections, 10 lm thick, were
dried on polylysine-coated slides at 37 °C overnight, depara�nized
with xylene and rehydrated via graded ethanol series. Pre-hybrid-
ization treatment, hybridization and washes were performed as
described by Scheres et al. (1990) except that DTT was omitted in
the washing solutions. Dioxigenin (DIG) detection was performed
according to De Almeida-Engler et al. (1994) and anti-DIG-
alkaline phosphate conjugate (Roche).

GenBank accession numbers. Rp-EXP1, AF167360; Rp-EXP2,
AF167361; Rp-EXP3, AF167362; Rp-EXP4, AF167363; Rp-
EXP5, AF167364; Rp-EXP6, AF167356; Ra-EXP1, AF167365;
Ra-EXP2, AF167357; Ra-EXP3, AF167358; Ra-EXP4, AF167359.

Results

The ¯ooding-resistant species Rumex palustris shows
enhanced leaf elongation rates upon submergence. In
contrast, Rumex acetosa does not show this response but
grows slower upon submergence (Voesenek et al. 1990).
Both species, however, showed at the moment of
submergence (Fig. 1, t = 24 h) a transient high elonga-
tion rate that was attributed to the improved water
status in the petioles (Banga et al. 1997). Figure 1A
shows that the rate of leaf elongation in R. palustris
plants strongly increased approximately 1 h after sub-
mergence. The youngest leaf (leaf 4) started to elongate
after a shorter time-lag after submergence (t = 24 h)
than the older one (see arrows in Fig. 1A inset). Besides
this, R. palustris plants changed the orientation of the
leaves from a horizontal to a vertical position (hypo-
nasty) within 12 h (Fig. 1C). Rumex acetosa did not
show a hyponastic response upon submergence. In
addition, growing petioles decreased their elongation
rate after submergence. Figure 1B shows that after an
initial increase in elongation rate, the slope of the growth
curve of petiole 4 ¯attened after submergence (t = 24)
indicating a decrease in growth rate. The activity of
expansin genes is associated with growing regions in
plant organs. To determine if the observed growth
responses upon submergence can be correlated with
di�erences in the regulation of expansin genes, cDNAs
corresponding to expansin genes were isolated from
both Rumex species.

Cloning and sequence analysis of Rumex expansin cDNAs
and genomic DNA fragments. Six a-expansin sequences
were identi®ed from the ¯ooding tolerant species

R. palustris, and ®ve from the ¯ooding intolerant species
R. acetosa. All the expansin sequences derived from
genomic DNA contained two introns positioned at the
same site in the gene (Fig. 2, arrows). The second intron
was 76±100 bp long in the R. palustris expansin genes,
and longer, 311±474 bp, in those of R. acetosa. The
amino acid sequences deduced from the DNA sequences
were highly homologous with residue similarities rang-
ing from 67.9% (Rp-EXP2 and Ra-EXP4) to 93.1%
(Rp-EXP6 and Ra-EXP3) between the species. Align-
ment of all the Rumex expansin sequences showed that
62% of the residues were conserved in all of them
(Fig. 2, bold residues), and 93.8% of these residues were
also present in Cs-EXP1 (GenBank accession no.
U30382), a well-characterized cucumber expansin iso-
lated by Shcherban et al. (1995). The R. palustris
genome contains at least six expansin genes but only
one cDNA could be isolated from the cDNA library.
This possibly re¯ects the abundance of Rp-EXP1
messenger, compared with that of other expansin
transcripts present in the elongating leaf tissue that
was used to construct the cDNA library. Genomic DNA
gel blot analysis with digested R. palustris DNA showed
one strong and two faint bands hybridizing with full-
length Rp-EXP1 cDNA at the same stringency condi-
tions as were used for the library screening (data not

Fig. 1A,B. Representative curve of the increase in length of leaves 3
(dotted line) and 4 (solid line) of R. palustris (A) and R. acetosa (B)
plants. Submergence took place at 24 h; black bars indicate the dark
period. The inset shows enlargements of the growth curves at the
moment of submergence. C Shoot morphology of a R. palustris plant
before (C0) and after 24 h of submergence (S24), and a R. acetosa
shoot that did not change upon 24 h of submergence
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shown). The Rp-EXP1 cDNA predicts a primary
translation product of 253 amino acids with a molecular
weight of 27.2 kDa and an isoelectric point of 8.3. The
expansin Rp-EXP1 shares 79% identical amino acid
with Cs-EXP1, including the eight cysteines, four
tryptophans as well as the four aspartic acids that were
found to be highly conserved in expansin (Fig. 2,
underlined residues). In addition, a signal peptide of
25 amino acids was predicted when using the modi®ed
(-3, -1)-rule of Von Heijne (1986), as was found in
Cs-EXP1 (Shcherban et al. 1995).

The pattern of expansin messenger accumulation. The
activities of expansin genes in R. palustris and R. acetosa
petioles and laminas were analyzed to determine if
expansin mRNA levels could be correlated with the
elongation rates of these tissues. Figure 3 shows that the
Rp-EXP1 mRNA level increased within 2 h upon
submergence in petioles, reached a maximum after 5±

6 h, and remained on an elevated level at least for 48 h.
A more gradual increase was observed in the lamina and
no change in Rp-EXP1 mRNA concentration was found
in the roots. Lowering the water level after 24 h of
submergence (de-submergence) induced a direct decrease
in messenger concentration. The Rp-EXP1mRNA levels
of plants that were grown under aerated conditions
remained at a constant low level, hardly detectable in
RNA gel blots loaded with 10 lg of total RNA per lane
(data not shown).

The RNA of submerged R. acetosa petioles and
laminas was analyzed using both cDNA fragments
corresponding to the Ra-EXP1 and Ra-EXP2 genes.
These cDNAs share 72% nucleotide identity, and DNA
gel blot analysis showed that they were gene speci®c
under the given hybridization conditions (data not
shown). However, as the RNA analysis gave similar
results with the two probes, only those obtained with
Ra-EXP1 are shown. The Ra-EXP1 mRNA was detect-
able in petioles of aerated plants at a much higher
concentration than that found in the lamina (Fig. 4).
Submergence did not substantially induce the activity of
Ra-EXP1, given that no increase in mRNA levels could
be observed.

Treating R. palustris with 5 ll l)1 ethylene induced
leaf growth faster than submergence did (data not
shown). Figure 5 shows that the Rp-EXP1 mRNA
concentration also increased faster during the ethylene
treatment (within 1 h) than after submergence. The
expansin messenger concentration in R. acetosa, how-
ever, did not increase within 6 h of ethylene treatment,
and remained at a level comparable to that found under
aerated conditions (t = 0). Summarizing, R. palustris
leaves increased their growth rate after submergence,

Fig. 2. Alignment of the protein sequence from cucumber expansin
with the deduced protein sequences from R. palustris and R. acetosa
cDNA and genomic DNA. Bold residues are conserved in all isolated
Rumex expansins; underlined residues are conserved in all a-expansins.
Arrows indicate the positions of introns in the corresponding DNA
sequences

Fig. 3A±D. Accumulation of R. palustris expansin transcripts in the
petiole and lamina of leaf 4 and in roots during submergence (A±C),
and in the complete shoot after de-submergence (D). C0, control
before submergence; S24, after 24 h of submergence. Each lane
contains 10 lg of total RNA isolated from 15 plants
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and at approximately the same time an increase in
expansin messenger concentrations could be observed.
In contrast, the growth rate and the expansin mRNA
concentration did not increase in R. acetosa.

Localization of Rp-EXP1 mRNA in petioles. The Rp-
EXP1 mRNA concentrations in di�erent segments of
the petiole and lamina were at comparable levels after
24 h of submergence (Fig. 6A). The spatial distribution
of expansin mRNA in the middle segment of the petioles
was analyzed by in-situ mRNA hybridization. Fig-
ure 6B, C shows cross-sections of a petiole hybridized
with a labeled sense and anti-sense probe from the Rp-
EXP1 cDNA, respectively. The signal obtained with the

control hybridization was low compared to the reaction
with the anti-sense probe and was considered as
background. Figure 6C shows color development in all
cell types of the petiole; however, di�erent levels were
observed in the parenchyma cells. Figure 6D shows a
magni®cation of the angular collenchyma with thick cell
walls. The Rp-EXP1 mRNA was also localized in the
vascular bundles, parenchyma cells and epidermis
(Fig. 6E,F). Most parenchyma cells, however, showed
only a signal in the thin layer of cytoplasm along the cell
walls which was likely caused by the large vacuoles that
are present in these expanding cells.

Discussion

We showed that the genome of Rumex species contains
expansin gene families with at least six members in
R. palustris and ®ve in R. acetosa. These expansin gene
sequences encode all the amino acids that are also highly
conserved amongst a-expansins isolated from other
species such as cucumber, rice, Arabidopsis and pea
(reviewed by Cosgrove 1998). A cDNA corresponding to
the transcript of one of the R. palustris expansin genes
(Rp-EXP1) could be isolated from a cDNA library that
was made from mRNA of submerged leaves. This
cDNA was abundantly present and unique in this
library, indicating that it is probably the main expansin
messenger that accumulated under submergence. Rumex
palustris DNA gel blot analysis showed that there was
only one gene corresponding to Rp-EXP1 (data not
shown).

Submergence-induced expansin mRNA accumula-
tion. The messenger concentration of Rp-EXP1 in-
creased strongly in the petioles and leaves of R. palustris
plants upon submergence, approximately at the same
time as the start of leaf elongation. The youngest leaf
(leaf 4) reacted faster to submergence, within approxi-
mately 60 min, whereas older leaves (leaf 3) responded
approximately 100 min after submergence. Ethylene
accumulation, due to physical entrapment in the tissue
under water, is the primary signal for enhanced leaf
elongation in R. palustris (Voesenek et al. 1997). Expos-
ing the plants directly to exogenous ethylene would
therefore shorten the lag time between submergence and
the enhancement of growth by approximately 10 min,
the time necessary for ethylene to accumulate to a
growth-inducing concentration during submergence
(Banga et al. 1997). Indeed, Fig. 5B shows that the
Rp-EXP1 mRNA level increased faster upon ethylene
treatment than upon submergence. Nevertheless, the
growth stimulation started (Fig. 1A, leaf 4) before a
measurable increase of expansin mRNA concentration
could be detected after submergence (Fig. 3A). A
possible explanation for this observation could be that
the activity of the expansins already present in the cell
wall is induced by physiological changes due to sub-
mergence. Expansin action requires an acid environment
and expansins were identi®ed as the principle catalytic
proteins responsible for acid-induced cell wall relaxation

Fig. 4A,B. Accumulation of R. acetosa expansin transcripts in
drained and submerged tissues. The RNA from aerated and
submerged tissue was analyzed on the same RNA gel blot. Each
lane contains 10 lg of total RNA isolated from leaf 4 of 15 plants. A
Accumulation of Ra-EXP1mRNA in petioles and laminas under well
aerated conditions. B Accumulation of Ra-EXP1 mRNA in petioles
and laminas during submergence

Fig. 5. A Accumulation of Rp-EXP1 mRNA in R. palustris petioles
and Ra-EXP1 mRNA in R. acetosa petioles during treatment of
plants with 5 ll l)1 ethylene. Each lane contains 10 lg of total RNA
isolated from leaf 4 of 15 plants. B Comparison of the patterns of Rp-
EXP1 mRNA accumulation during submergence and ethylene
treatment (quanti®ed data from Fig. 3A and 5A, respectively)
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(McQueen-Mason et al. 1992). Acid-induced wall loos-
ening is a very quick response upon exposure to auxin,
and growth induction can be measured within 10 min
after its addition (Rayle and Cleland 1992). Flooding-
induced cell elongation was proven to be a gibberellin-
mediated response in rice (Raskin and Kende 1984;
Ho�mann-Benning and Kende 1992), which also ap-
peared to be the situation in Rumex (Rijnders et al.
1997). Acid-induced cell wall extension seemed also to
be mediated by expansins in rice (Cho and Kende
1997a), indicating that acid growth is not an exclusive
auxin response.

The growth rate of the youngest leaf in R. palustris
decreased after 8 h but recovered partly after the dark
period (Fig. 1A). The Rp-EXP1 expression pattern in
the petiole correlated with the pattern of growth rate.
These results are strengthened by the observation that
the Rp-EXP1 messenger concentration also decreased
after removing the plants from the water (Fig. 3D). The
Rp-EXP1 mRNA levels in the lamina also increased in
submerged plants and remained there at a relatively high
constant level. The increase in growth rate of the lamina,
however, was 20% of that of the entire leaf (petiole plus
lamina, data not shown). It is possible that expansin
action might also be required for the expansion of the
lamina surface and for the hyponastic response in
R. palustris (Fig. 1C). But messenger levels are not a
measure of the protein concentration, and the protein
activity and the susceptibility of the wall to expansin will

also in¯uence the growth response. Expansin gene
activity in general corresponds with the cell elongation
rate of young growing tissue (Fig. 3; Cho and Kende
1997a; Brummell et al. 1999), suggesting a correlation
between mRNA and protein concentration, in this case.
However, older leaves of R. palustris plants did not show
any enhancement of leaf elongation upon submergence,
but also accumulated expansin mRNA with the same
pattern as the youngest elongating leaves (data not
shown). High expansin mRNA levels in non-growing
mature tissues suggest that these tissues might not be
susceptible to expansin action any more, possibly due to
cross-linking of the cell wall matrix. The decrease in
responsiveness of cell walls to expansins in mature cells
has also been found in oat (Cosgrove and Li 1993),
cucumber (McQueen-Mason and Cosgrove 1995) and
rice (Cho and Kende 1997b; reviewed by Kende et al.
1998).

Expansin expression was not induced in the root
system by submergence. This is in agreement with the
®ndings described by Visser et al. (1996) who showed
that ¯ooding stress induced the development of aeren-
chymatous adventitious roots and arrested the develop-
ment of the primary root system in R. palustris.

Under aerated conditions, the ¯ooding-intolerant
R. acetosa plants have longer petioles and a higher
growth rate than R. palustris plants (Voesenek et al.
1990). Although the absolute expansin mRNA concen-
tration was not measured, expansin messenger seemed to

Fig. 6A±F. Tissue localization of
Rp-EXP1mRNA in leaf 4 after 24 h of
submergence. A Analysis of RNA gel
blots of six successive segments of leaf
4, each lane containing 10 lg of total
RNA isolated from 50 plants. B±F
In-situ mRNA hybridizations. Cross-
sections of the middle segment of the
elongation petiole. B Overview of a
section hybridized with the sense probe
for Rp-EXP1. C±F Hybridization with
antisense probe for Rp-EXP1. AC,
angular collenchyma; E, epidermis;
P, parenchyma; Pl, phloem; V, vascu-
lar bundle; X, xylem. Bars = 200 lm
(B); 120 lm (C); 25 lm (D,E);
15 lm (F)
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be at a relative high level and easily detectable in
R. acetosa petioles under aerated conditions, in contrast
with expansin mRNA in R. palustris petioles. After an
increase in growth rate immediately after submergence,
petioles of R. acetosa did not display a further increase
in the growth rate in contrast to R. palustris, and also
the hyponastic response could not be observed. These
observations are in agreement with the fact that expan-
sin messenger concentration in aerated or submerged
leaf tissue remained at a constant level during the
experimental treatments (Fig. 4). In addition, the de-
crease in growth rate of R. acetosa petioles under water
could be the result of a decreased responsiveness of the
cell walls to the expansins present, as was observed in
mature tissues.

Tissue localization of expansin transcripts. The results
from the in-situ hybridization demonstrated that expan-
sin mRNA is present in all cells of R. palustris petioles
during submergence. The accumulation of expansin
mRNA was similar in epidermal and in parenchyma
cells (Fig. 6F), in contrast to the results of Cho and
Kende (1998) obtained for the elongation zone of
deepwater rice internodes. Rumex petioles are, unlike
rice internodes, not dependent on a thick-walled epider-
mal layer for their structural integrity. The cross-section
of R. palustris petioles shows that they gain much of
their strength from the thick-walled bundles of angular
collenchyma cells in the corners of the petiole
(Fig. 6C,D). Expansin mRNA was abundant in these
cells, and in the cells of the vascular bundles (Fig. 6E),
which also have relatively thick walls.

Expansin gene activity and ¯ooding response. If the
increasing expansin messenger levels correspond to
increasing protein synthesis, our data strongly indicate
that expansins are necessary to increase the growth rate
of R. palustris petioles upon submergence. Ethylene or
submergence does not induce expansin genes in
R. acetosa plants. Therefore, ethylene-induced expansin
action in shoots may be an exclusive characteristic of
some semi-terrestrial species like Rumex palustris and
rice.

We thank Ivo Rieu and Raymond Goverde for excellent technical
assistance and Kees Blom (our Institute) for critically reading this
manuscript.
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