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Summary

A cDNA homologous to the ethylene-response sensors 
(ERS/ETR1) from Arabidopsis thaliana was isolated from 
a Rumex palustris cDNA library. This cDNA, RP-ERS1, was 
2421 bp long and shared 66% nucleotide homology with 
ETR1 and ERS in their coding regions. The transcript 
level of RP-ERS1 was actively regulated during the leaf- 
elongation response of R. palustris upon flooding. 
RP-ERS1 transcript levels increased after submergence, 
and also after exposure to high concentrations of ethylene 
and carbon dioxide and low concentrations of oxygen. 
These results suggest that R. palustris plants may respond 
to flooding stress by increasing the number of their ethy
lene receptors.

Introduction

The gaseous phytohormone ethylene plays an important 

role in many aspects of plant growth and development, 

including seed germination, flowering, senescence, abscis

sion, fruit ripening (Abeles et ai, 1992) and the stimulation 
of shoot elongation under water (Jackson and Pearce, 

1991; Osborne, 1984; Voesenek and Blom, 1989). The 

ethylene biosynthetic pathway has been studied extens

ively and is now largely understood (Yang and Hoffman, 

1984). The conversion of S-adenosyl-L-methionine (SAM) 

to 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC 
synthase is considered to be the rate-limiting step. ACC is 

converted to ethylene, C02 and cyanide by the enzyme 

ACC oxidase. ACC oxidase is constitutively present in most 

tissues, but its mRNA levels and synthesis have been 
shown to increase during fruit ripening in tomato and in 

submerged deepwater rice (Kende, 1993; Mekhedov and 

Kende,1996).

The mechanisms by which plant cells perceive and 

transduce the ethylene signal are still not understood. 
However, the recent isolation of an Arabidopsis thaliana 
mutant etr1-1 that lacks a number of responses to ethylene
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has been an important step forward in our understanding 

of these mechanisms. While the ethylene synthesis rate of 

this mutant is not significantly different, feedback regula
tion by ethylene does not occur (Bleecker at ai, 1988). 

Chang etal. (1993) established that the ethylene-insensitive 

phenotype of the etrl-1 mutant is caused by a mutation in 

the ETR1 gene (Ethylene-Response) that encodes a protein 

with a predicted carboxyl-terminal sequence that is highly 

similar to the conserved domains of the prokaryotic two- 

component system of signal transduction. Schaller and 

Bleecker (1995) used a yeast expression system to demon

strate that the amino-terminal part of ETR1 binds ethylene. 

This domain contains the amino acid residues that are 

mutated in the etrl mutants, thereby causing the ethylene- 

insensitive phenotype. More recently, two genes and one 
cDNA that share sequence similarities with ETR1 have 

been isolated: the A. thaliana ERS gene (Ethylene Response 
Sensor; Hua et ai, 1995), the Lycopersicon esculentum 
NR gene (Never-Ripe; Wilkinson et ai, 1995) and the L  

esculentum eTAE1 cDNA (Zhou et ai, 1996). However, so 

far, only the A. thaliana ETR1 has been proven to be an 

ethylene receptor (Chang eta i, 1993; Schaller and Bleecker, 

1995). These genes encode two distinct but similar proteins: 

one with (ETR1 -like) and one without (ERS-like) a response- 

regulator domain. The FT/?7-like genes appear to be 

expressed constitutively at the mRNA level in all tissues 

so far studied (Chang et ai, 1993; Zhou et ai, 1996), 

whereas the expression of the ERS-like gene, as for the 

NR gene of tomato, increases during fruit ripening and 

upon ethylene treatment (Bleecker and Schaller, 1996; 

Wilkinson et ai, 1995). A. thaliana plants transformed with 

an altered ERS gene are also ethylene-insensitive, and thus 

ERS might be considered to be a sensor of ethylene, like 

ETR1 (Hua e ta i, 1995).

To date, nothing is known about the influence of environ

mental stresses, such as flooding, on the mechanisms of 

ethylene perception in plants. Flooding induces major 

endogenous changes in the concentration of oxygen, car

bon dioxide and ethylene gases in the plants. Some aquatic 

and semi-aquatic plants respond to flooding by increasing 

the elongation rate of the petioles, leaf blades or stems in 

order to re-establish contact with the atmosphere 

(Armstrong et ai, 1994; Blom and Voesenek, 1996). Ethy

lene, the phytohormone that strongly inhibits elongation 

in most terrestrial plants (Abeles et ai, 1992), is largely 

responsible for promoting fast extension under water 

(Metraux and Kende, 1983). Rumex palustris, a flooding- 

tolerant species distributed along the river plain, also 

shows this response (Voesenek and Blom, 1989; Voesenek
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et al., 1993). When this species is submerged, ethylene 
accumulates in the shoot to a level of approximately

1 |il I-1 within 1 h; a 20-fold increase over plants grown in 
air (Banga et al., 1996). In addition to ethylene, gibberellin 
and sub-ambient concentrations of oxygen also play an 

important role in leaf elongation during submergence 

(Voesenek et al., 1996). Furthermore, Stunzi and Kende 
(1989) have also demonstrated that the carbon dioxide 
concentration in deepwater rice increases when shoots are 

submerged.
As a first step in elucidating the molecular regulation of 

the flooding response mediated by ethylene in Rumex 
species, we isolated a cDNA clone that is similar to the 

ERS gene of A. thaliana, and named it RP-ERS1 (Rumex 
palustris ethylene response sensor). Here, we show that 

the transcription level of the RP-ERS1 gene is modulated 
by flooding, and is up-regulated by high concentrations 

of ethylene and carbon dioxide and low concentrations 

of oxygen.

Results

Cloning and genomic organization of a Rumex palustris 

ERS homolog

A cDNA library constructed from leaf mRNA of R. palustris 
plants that had been submerged for 24 h was screened 

with a probe derived from the ETR1 gene and consisting 

of most of the exon regions (Chang et al., 1993). By this 
procedure, we isolated a full-length cDNA clone (RP-ERS1; 

2421 bp long) which shares 66% nucleotide homology with 

ETR1. Upon alignment of the deduced amino acid sequence 

with other known ethylene-response genes (Figure 1), RP- 
ERS1 appeared to be a homolog of the recently isolated 

ERS (Hua et al., 1995) and TXTR-14, a cDNA corresponding 

to the NR gene (Wilkinson et al., 1995). RP-ERS, ERS and 

NR are 103-125 amino acids shorter than ETR1, because 

they lack the carboxy-terminal domain which contains the 

putative response regulator in ETR1 (Chang et al., 1993). 

In Figure 1, boxes are drawn around the five conserved 

sequences that are characteristic of sensor histidine protein 

kinase domains (HPK) found in the bacterial two-compon- 

ent systems (Chang et al., 1993; Parkinson and Kofoid, 

1992). The amino acids within these domains are 61% 

identical in all five predicted proteins. The underlined 

hydrophobic regions (potential transmembrane segments; 

Bleecker and Schaller, 1996) found in ETR1 have 69% 

identical amino acids. This alignment revealed two addi

tional highly conserved domains between the hydrophobic 

and histidine kinase domains (bold in Figure 1). These 

domains, amino acids 129-184 and amino acids 291-316, 

consist of 80% and 87% identical amino acids, respectively. 

The four amino acids that when mutated lead to dominant 

ethylene insensitivity in the Arabidopsis etr! mutants are

conserved. The Pro36 residue, which is substituted to Leu 
in the NR protein of the tomato Never-Ripe mutant, is also 

conserved in all five proteins. The presence of RP-ERS1- 
related genes in the Rumex genome was investigated by 
Southern analysis. As shown in Figure 2, a DNA blot probed 

with the RP-ERS1 cDNA under very stringent conditions 
revealed only a few hybridizing bands, suggesting the 

presence of a single-copy gene or a small gene family. 
Hybridization at lower stringency showed no additional 

bands (data not shown).

RP-ERS 1 gene expression is highly regulated during 
submergence

In order to analyse RP-ERS1 transcript accumulation under 

flooding stress, we performed RNA blot hybridizations with 

RNA isolated from shoots of 26- to 30-day-old R. palustris 
plants. Figure 3 shows that the level of RP-ERS1 transcript 

(2.4 kb) in untreated R. palustris plants was low but detect

able. In contrast, when the plants were submerged for 
24 h, the amount of transcript increased approximately 

eightfold. When the water level was lowered to just above 

the roots (de-submergence), an immediate decrease in RP- 
ERS1 gene expression in the shoot was observed, and 

2 h after de-submergence, accumulation of the transcript 

reached the basal level. In conclusion, our results showthat 

RP-ERS1 transcript accumulation is up-regulated during 

submergence.
However, endogenous gas composition also changes dur

ing submergence. In general, when plants are exposed to 

flooding stress, ethylene and carbon dioxide concentrations 

increase and the oxygen level declines (Stunzi and Kende, 

1989). The impact of these changes on the expression level 

of RP-ERS 1 was investigated by exposing R. palustris to 

mixtures of these gases at different concentrations. North

ern blot analysis of RNA isolated from leaves of treated 

plants showed that gas mixtures containing 5 |il I“ 1 ethylene 

stimulated an increase in the transcript level of RP-ERS1 
(Figure 4). Exposure of the plants to 5% carbon dioxide 

resulted in a threefold increase in the concentration of the 

transcript, and low oxygen level (3%) caused a 15-fold 

increase in accumulation of the RP-ERS1 transcript in the 

leaf after 24 h. The combination of 5 \x\ I"1 ethylene with 3% 

oxygen had the strongest stimulating effect, stronger than 

the effect of these gases separately. This indicated that not 

only submergence but also high levels of ethylene and car

bon dioxide or low oxygen concentrations were able to 

induce the accumulation of the RP-ERS 1 transcript. In order 

to test whether low oxygen or high carbon dioxide levels 

have an effect on the synthesis rate of ethylene, which in 

turn generates the increase in RP-ERS 1 transcript level, we 

measured the ethylene production rate after treatment 

with low oxygen and high carbon dioxide concentrations. 

The average ethylene production by control plants was
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Figure 1. Comparison of the RP-ERS1 amino acid sequence of R. palustris  with other ethylene response sensor sequences.
The sequences were obtained from GenBank. Gaps (-) have been introduced to maximize the alignment. The hydrophobic transmembrane regions are 
underlined, conserved regions are printed in bold and boxes are drawn around the HPK domains. (ETR1, Chang et al., 1993; ERS, Hua et al., 1995; TXTR-14, 
Wilkinson et al., 1995; eTAEl, Zhou et al., 1996).

4.8 ni g“1 DW h-1 (SE 1.3 ni g-1 DW h~1) during the first 

24 h. Ethylene production by plants exposed to 3% oxygen 
was 3.8 ni g"1 DW h"1 (SE 0.6 nl g"1 DW h-1), and in the 

presence of 5% carbon dioxide this was 5.5 nl g“ 1 DW hr1 

(SE 1.3 nl g_1 DW h-1). In conclusion, both carbon dioxide

and oxygen exerted their effect on the RP-ERS1 transcript 

level independently of ethylene.

To testthe kinetics of RP-ERS 1 expression, we submerged 

R. palustris plants and analysed leaf RNA at several time 

points during the first 48 h (Figure 5). As early as 1 h after
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Figure 2. Hybridization of RP-ERS1 cDNA to digested R. palustris genomic 
DNA.
According to the sequence, the cDNA contains one BamH\ site, one H/ndlll 
site and two Sad sites. Molecular length standards are indicated at the left 
in kilobases (kb).

Figure 4. Expression of the RP-ERS7 gene in leaf material after exposure 
of R. palustris plants for 24 h to different gas mixtures of carbon dioxide, 
oxygen and ethylene in nitrogen gas.
a, the same concentration as in air (21% 0 2; 0.033% C02; < 0.005 (il I"1 
ethylene); untreated plants. The blot was reprobed with 28S rRNA as a 
control for the loaded amount of total RNA. The values given represent 
the RP-ERS1 transcript level relative to the highest signal detected (100%).

time (h) of submergence

1 12 24 48

%
time (h) after 
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%
of «B y 0.5 1 14

f t /  * :
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12 25 100 73 63 40 89 75 intensity %

m 2.4kb 28S rRNA

13 100 69 37 51 32 29 intensity %
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Figure 5. Expression of the RP-ERS1 gene in R. palustris shoots during 
submergence.
The blot was reprobed with 28S rRNA as a control for the loaded amount 
of total RNA. The values given represent the RP-ERS1 transcript level 
relative to the highest signal detected (100%).

Figure 3. Expression of the RP-ERS 1 gene in R. palustris shoots upon 
flooding and de-submergence.
The blot was reprobed with 28S rRNA as a control for the loaded amount 
of total RNA. The values given represent the RP-ERS1 transcript level 
relative to the highest signal detected.

submergence, there was an increase in the level of the RP- 
ERS1 transcript; a maximum was observed after 4 h. 

Hereafter, the transcript level decreased, but remained 

higher than the level of mRNA before induction.

Discussion

Rumex palustris leaves elongate during submergence. This 

response is a part of the resistance mechanism of this 

species to flooding and is initiated by the hormone ethylene 

(Voesenek and Blom, 1989). The first step of the ethylene-

response pathway in Arabidopsis thaliana is mediated by 

the ethylene-binding protein ETR1 (Roman et al., 1995; 

Schaller and Bleecker, 1995), which consists of several con

served domains. The domain located at the amino-terminal 

part of these proteins comprises the hydrophobic ethylene- 

binding transmembrane regions. A second domain in the 

core of the protein shares homology with the HPK (histidine 

protein kinase) domains of the prokaryotic two-component 

systems. The carboxyl-terminal domain of ETR1 is homolog

ous to the receiver domain of the response-regulator com

ponent that is also a part of the prokaryotic two-component 

system (Chang et a!., 1993). ERS lacks this domain. We isol

ated an R. palustris {RP-ERS1) homolog of the ERS gene of 

A. thaliana. The predicted protein, RP-ERS1, contains in the 

first domain the amino acid sequence characteristic of ETR1/ 

ERS, the cysteines necessary for dimerization (Schaller et al.,
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1995) and the hydrophobic transmembrane regions. In all 
five aligned sequences (Figure 1), these regions contain the 
amino acids Ala31, Ile62, Cys65 and Ala 102, which are sub

stituted for in the ETR1 protein of the ethylene-insensitive 

etrl mutants. The Pro36 residue that is converted to Leu in 
the mutant NR protein is also conserved. The HPK domain 

is also present in RP-ERS1, whereas the carboxyl-terminal 
receiver domain is absent, as it is in the ERS protein of 

A. thaliana (Hua et al., 1995) and in NR of L. esculentum 
(Wilkinson et al., 1995). Alignment of ETR1 and ERS amino 

acid sequences with RP-ERS1 revealed two additional con

served domains between the hydrophobic and the HPK 
domains. The first domain (amino acids 129-184) and a part 

of the downstream domain (amino acids 288-295) are hydro
philic (Kyte-Doolittle method; Kyte and Doolittle, 1982) and 

probably lie at the surface of the protein (Emini surface 

probability; Emini et al., 1985). The downstream domain, 

amino acids 291-316, has 83% similarity with a bacterial 
chromatic adaptation sensor (Kehoe and Grossman, 1996). 

A plausible explanation for these conserved regions is that 

they may play a role in the recognition or binding of a second 
messenger in the ethylene-signalling pathway.

Southern blot analysis of R. palustris DNA indicates the 

presence of one or two RP-ERS1 genes. However, it is also 

possible that R. palustris possesses both receptor types, as 

has been found in A. thaliana. It is conceivable that in addi

tion to the ETR1 ethylene-receptor type with the two com

ponents joined together in one protein, plants normally also 
contain a ERS ethylene-receptor type with separate HPKand 

response-regulator domains. Isolation of a gene encoding a 

homolog of the response-regulator component is required 

to confirm this hypothesis.

The expression pattern of the genes encoding for proteins 

with (ETR1 -like) and without (ERS-like) a response-regulator 

domain suggests a differential function. The ETR 7-like genes 

are constitutively expressed (Chang et al., 1993; Zhou 

et al., 1996), while the expression of the EflS-like gene 

(Wilkinson et al., 1995) is inducible. This observation is 

strengthened by our finding that RP-ERS1, an ERS homo- 

logue, is induced by stress such as flooding. The possibility 

that both the ethylene biosynthesis and the signal transduc

tion pathway may be induced makes the plant capable of 

regulating tissue-specific ethylene-controlled processes. If 

a higher accumulation of RP-ERS1 transcript under stress 

conditions corresponds to a higher concentration of recep

tor, this could imply that the plant becomes more sensitive 

to ethylene (the same response with less ethylene). Two 

alternative modelsforthe regulation of primarysignaltrans- 

duction have been proposed (Bleecker and Schaller, 1996). 

The first model assumes ethylene to be a positive regulator 

of the histidine kinase activity of the receptor, while the 

second assumes that ethylene has the opposite effect. If the 

plants were sensitized by more receptor, this would be more 

consistent with the first model. However, further experi

mental evidence should be obtained to elucidate the mode 
of action of the ethylene receptors.

During submergence, the endogenous ethylene concen
tration reaches the level of 5 jil I"1 within the first 12 h (Voe- 
senek etal., 1993). However, the petiole-growth response is 
saturated at an ethylene concentration of 1 |il I"1. (Voesenek 
et al., 1996). Therefore, ethylene does not seem to be the 
limiting factor in the R. palustris leaf-elongation response. 
In contrast, the concentration of the receptor could be the 
limiting factor. We observed that the expression of the RP- 
ERS1 gene in R. palustris during submergence (Figure 5) 
remained high, at least during the first 48 h of submergence. 
De-submergence after 24 h led to an immediate decrease in 
the expression level of RP-ERS1. The concentration of the 
messenger decreased within 1 h to a level approximately 
37% of that found in submerged plants (Figure 3). These 
findings agree with the growth kinetics of R. palustris leaves 
during and after submergence (Voesenek et al., 1993). RP- 
ERS1 expression level was induced by flooding and also by 
ethylene and low oxygen and high carbon dioxide concen
trations (Figures 3 and 4). It has been shown that partial 
oxygen shortage promotes ethylene production in some 
species (Jackson, 1985). However, our measurements on R. 
palustris plants incubated in 3% oxygen or 5% carbon diox
ide showed that the production rate of ethylene was approxi
mately the same as or lower than that of plants in air. 
Nevertheless, 3% oxygen does have a stimulating effect 
on leaf growth (Voesenek et al., 1996), and in the present 
investigation we have shown that it induced a higher accu
mulation of RP-ERS1 transcript, while ethylene production 
itself was not stimulated. It is not clear how this concentra
tion of oxygen stimulated gene expression, but it is evident 
that a number of physiological changes take place in the cell 
under low oxygen conditions (Sachs et al., 1996). Interes
tingly, 5% carbon dioxide only slightly increases transcript 
accumulation and does not stimulate leaf elongation in R. 
palustris (Voesenek etal., 1996). Taken together, our results 
suggestthat high levels of 7 transcript correlate with
high growth rates of R. palustris leaves under flooding con
ditions.

We have used Rumex palustris to study the regulation of 
the genes encoding the ethylene response sensor in 
response to submergence. Ethylene and low oxygen con
centration both stimulate the leaf-elongation response and 
the mRNA accumulation of the R. palustrise thylene receptor 
RP-ERS1. Low oxygen stimulates the accumulation of RP- 
ERS1 messenger independently of ethylene and seems 
therefore to enhance leaf elongation by increasing input into 
the ethylene signal transduction pathway.

Experimental procedures

Plant material

Achenes of Rumex pa lustris  Sm. were collected from river areas 
near Millingen in the Netherlands. Germination and growing
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conditions were as described by Banga et al. (1996). All of the 
plants used for experiments were 26-30 days old and just starting 
to develop their fifth leaf.

Plant treatments
\

During all experiments, and for 24 h before, plants were grown 
under constant light (Photosynthetic photon flux density (PPFD): 
65 j iE m"2 sec-1, 400-700 nm) at 22°C. Submergence took place in 
an open tank with 25 cm tapwater at 22°C. At several time points 
after submergence, petioles and leaf blades were cut from the 
youngest three leaves (10 plants per sample). During the gas 
treatments, plants were incubated in 10.8 litre desiccators and 
were flushed (10 I h_1) with different gas mixtures (Hoekloos, the 
Netherlands) as described in the legend of Figure 4. Each gas 
treatment lasted 24 h, and samples were taken from leaves 3, 4 
and 5 (10 replicates per sample). There was no difference in the 
expression level of RP-ERS1 in leaf blades and petioles of the 
youngest three leaves.

Ethylene production

The effect of 3% oxygen or 5% carbon dioxide on the ethylene 
production of R. palustris plants was measured with laser-driven 
photoacoustic spectroscopy (Voesenek et al., 1990). The soil was 
gently washed off the roots of six plants, and three plants were 
placed together in 40 ml glass vials filled with tapwater. Two glass 
vials with three plants each were placed in separate airtight 
cuvettes (600 ml) that were flushed with air for 24 h. After that, 
the airflow (1 I h~1) was changed to 3% oxygen (v/v) or 5% carbon 
dioxide (v/v). The ethylene production was measured every h, and 
all experiments were repeated at least four times.

cDNA library construction and screening

Leaves 4 and 5 from 20 plants submerged for 24 h were used in 
a single-step method for RNA isolation by acid guanidinium 
thiocyanate-phenol-chloroform extraction (Chomczynski and Sac- 
chi, 1987). Poly(A)+ RNA was isolated using PolyATtract mRNA 
Isolation Systems (Promega, USA). Double-stranded cDNA was 
prepared from 2.5 (ig mRNA using a Stratagene cDNA Synthesis 
Kit and a ZAP-cDNA Synthesis Kit. The library was packaged using 
a ZAP-cDNA Gigapack II Gold Cloning Kit (Stratagene, USA). 
Approximately 150 000 plaques were screened with an [a- 
32P]dATP-labelled 1500 bp Xho\ fragment of the ETR1 gene using 
Statagene's protocol. Filters were prehybridized for 4 h and 
hybridized overnight at 62°C with a solution containing 6 x SSC, 
5xDenhardt's reagent, 0.1% SDS and 100 jag ml"1 denatured, 
fragmented salmon sperm DNA . Membranes were then washed 
twice in 2 x SSC plus 0.1% SDS at 65°C for 15 min each, and 
twice in 0.2 X SSC plus 0.1% SDS for 15 min. The blots were 
exposed to Valca HPX44 X-ray film with two intensifying screens 
at -80°C for 16-48 h. Three positive plaques from the first round 
of screening were chosen for further analysis. After a second 
round of screening, only one plaque hybridized to the probe. The 
pBluescript SK(-) Phagemid containing the only positive cDNA 
was excised from the Uni-ZAP XR vector and cloned into Escher
ichia coli XL-1 Blue MRF' cells (ExAssist/SOLR in vivo excision 
system, Stratagene, USA).

DNA manipulations and sequence analysis

Plasmid DNA was isolated by the alkaline lysis method (Sambrook 
et al., 1989). Probes were labelled in low-melting-point agarose

with [a-32P]dATP by the random-priming method (Church and 
Gilbert, 1984). DNA sequencing was carried out with single- 
stranded plasmid DNA (Russel et al., 1986) by the dideoxynucleo- 
tide chain termination method (Sanger et al., 1977) using the T7 
DNA polymerase system of Pharmacia.

RNA manipulations

For RNA gel blots, total RNA was isolated (van Eldik et al., 1995) 
and separated on a 1% agarose gel containing 0.4 M formaldehyde 
and 0.1 fig ml-1 ethidium bromide. After electrophoresis, the gel 
was inspected by UV exposure and photographed to ensure that 
equal amounts of RNA (10 (ag) were present in each lane. RNA 
was transferred overnight to a nylon membrane by capillary 
transfer in 20 x SSC. RNA was fixed to the membrane as described 
in the Hybond-N nylon membrane (Amersham, UK) handbook. 
Prehybridization, hybridization and washing conditions were the 
same as described for the library screening. Hybridization was 
performed overnight at 65°C using RP-ERS1 as a probe. The blots 
were stripped and rehybridized with a tobacco ribosomal cDNA 
(kindly provided by Dr K. Weterings) to ensure an equal transfer 
during the blotting procedure. The autoradiographs were scanned 
with a Bio-Rad densitometer, and the signals were quantified with 
Molecular Analyst software (Bio-Rad, USA). The value for the 
intensity of the RP-ERS1 signals is the density of the band on the 
autoradiograph corrected for the density of the 28S band, relative 
to the highest signal detected on that blot (which has a value 
of 100%).

Genomic Southern analysis

Genomic DNA was isolated (van Eldik et al., 1995), digested (10 
|jg) with BamHI, EcoRI, HindlW or Sad (Boehringer Mannheim 
GmbH, Germany) and electrophoretically separated on an 0.8% 
agarose gel. Southern blotting, DNA fixation and hybridization 
were performed on a Hybond-N nylon membrane according to 
Amersham's handbook. The full-length RP-ERS1 cDNA was used 
as a probe. Hybridizations were performed at high (65°C) and low 
(62°C) stringency in 6 x SSC, 0.1% SDS, 5 x Denhardt's reagent 
and 100 j.ig ml"1 denatured salmon sperm DNA. Washings were 
performed in 0.1 x SSC + 0.1% SDS at 65°C and in 2 x SSC +
0.1% SDS at 62°C, respectively.

Accession numbers

Sequences used for the alignment have the following GenBank 
accession numbers: A. thaliana ETR1, L24119; A. thaliana ERS, 
U21952; L  esculentum eTAE1, U41103; L  esculentum TXTR-14, 
U38666; R. palustris RP-ERS1, U63291.

Acknowledgements

We would like to thank Elliot Meyerowitz for providing the A. 
thaliana ETR1 gene. We are grateful to Kees Blom and Eric Visser 
for critical review of this manuscript, to Mrs A. Jenks for correcting 
the manuscript and to Theo Laeijendecker for photography.

References

Abeles, F.B., Morgan, P.W. and Saltveit, M.E. Jr (1992) Ethylene in 
Plant Biology, 2nd Edn. San Diego: Academic Press.



Expression o f an R. palustris ethylene-response gene 1271

Armstrong, W., Brandle, R. and Jackson, M.B. (1994) Mechanisms 
of flood tolerance in plants. Acta Bot. Neerl. 43, 307-358.

Banga, M., Slaa, E.J., Blom, C.W.P.M. and Voesenek, L.A.C.J.
(1996) Ethylene biosynthesis and accumulation under drained 
and submerged conditions. Plant Physiol. 112, 229-237.

Bleecker, A.B. and Schaller, G.E. (1996) The mechanisms of 
ethylene perception. Plant Physiol. 111, 653-660.

Bleecker, A.B., Estelle, M.A., Somerville, C. and Kende, H. (1988) 
Insensitivity to ethylene conferred by a dominant mutation in 
Arabidopsis thaliana. Science, 241, 1086-1089.

Blom C.W.P.M. and Voesenek L.A.C.J. (1996) Flooding: the survival 
strategies of plants. Trends. Ecol. Evol. 11, 290-295.

Chang, C., Kwok, S.F., Bleecker, A.B. and Meyerowitz, E.M. (1993) 
Arabidopsis ethylene-response gene ETRV. similarity of product 
to two-component regulators. Science, 262, 539-544.

Chomczynski, P. and Sacchi, N. (1987) Single-step method of RNA 
isolation by acid guanidinum thiocyanate-phenol-chloroform 
extraction. Anal. Biochem. 162, 156-159.

Church, G.M. and Gilbert, W. (1984) Genomic sequencing. Proc. 
Natl Acad. Sci. USA, 81, 1991-1995.

van Eldik, G.J., Vriezen, W.H., Wingens, M., Ruiter, R.K., van 
Herpen, M.M.A., Schrauwen, J.A.M. and Wullems, G.J. (1995) 
A pistil-specific gene of Solanum tuberosum  is predominantly 
expressed in the stylar cortex. Sex. Plant Reprod. 8, 173-179.

Emini, E.A., Hughes, J., Perlow, D. and Boger, J. (1985) Induction 
of hepatitis A virus-neutralizing antibody by a virus-specific 
synthetic peptide. J. Virol. 55, 836-839.

Hua, J., Chang, C. and Meyerowitz, E.M. (1995) Ethylene 
insensitivity conferred by Arabidopsis ERS gene. Science, 269, 
1712-1714.

Jackson, M.B. (1985) Ethylene and responses of plants to soil 
waterlogging and submergence. Annu. Rev. Plant Physiol. 36, 
145-174.

Jackson, M.B. and Pearce, D.M.E. (1991) Hormones and 
morphological adaptation to aeration stress in rice. In Plant Life 
under Oxygen Deprivation (Jackson, M.B., Davies, D.D. and 

t  Lambers, H., eds). The Hague: SPB Academic Publishing,
pp. 47-67.

Kehoe, D.M. and Grossman, A.R. (1996) Similarity of a chromatic 
adaptation sensor to phytochrome and ethylene receptors. 
Science, 273, 1409-1412.

Kende, H. (1993) Ethylene biosynthesis. Annu. Rev. Plant Physiol. 
Plant Mol. Biol. 44, 283-307.

S Kyte, J. and Doolittle, R.F. (1982) A simple method for displaying
the hydrophatic character of a protein. J. Mol. Biol. 157,105-132.

Mekhedov, S.L. and Kende, H. (1996) Submergence enhances 
expression of a gene encoding 1-aminocyclopropane-l- 
carboxilylate oxidase in deepwater rice. Plant Cell Physiol. 37, 
531-534.

Metraux, J.P. and Kende, H. (1983) The role of ethylene in the 
growth response of submerged deep water rice. Plant Physiol. 
72, 441-446.

Osborne, D.J. (1984) Ethylene and plants of aquatic and semi- 
aquatic environments: a review. Plant Growth Regul. 2,167-185.

Parkinson, J.S. and Kofoid, E.C. (1992) Communication modules 
in bacterial signalling proteins. Annu. Rev. Genet. 26, 71.

Roman, G., Lubarsky, B., Kieber, J.J., Rothenberg, M. and Ecker, 
J.R. (1995) Genetic analysis of ethylene signal transduction in 
Arabidopsis thaliana: Five novel mutant loci integrated into a 
stress response pathway. Genetics, 139, 1393-1409.

Russel, M., Kidd, S. and Kelley, M.R. (1986) An improved 
filamentous helper phage for generating single-stranded 
plasmid DNA. Gene, 45, 333-338.

Sachs, M.M., Subbaiah, C.C. and Saab, I.N. (1996) Anaerobic gene 
expression and flooding tolerance in maize. J. Exp. Bot. 47,1-15.

Sambrook, J., Fritsch, E.F. and Maniatis, T. (1989) Molecular 
Cloning: A Laboratory Manual, 2nd Edn. Cold Spring Harbor, 
NY: Cold Spring Harbor Laboratory Press.

Sanger, F., Nicklen, S. and Coulsen, A.R. (1977) DNA sequencing 
with chain-terminating inhibitors. Proc. Natl Acad. Sci. USA, 74, 
5463-5467.

Schaller, G.E. and Bleecker, A.B. (1995) Ethylene-binding sites 
generated in yeast expressing the Arabidopsis ETR1 gene. 
Science, 270, 1809-1811.

Schaller, G.E., Ladd, A.N., Lanahan, M.B., Spanbauer, J.M. and 
Bleecker, A.B. (1995) The ethylene response mediator ETR1 
from Arabidopsis forms a disulfide-linked dimer. J. Biol. Chem. 
270, 12 526-12 530.

Stiinzi, J.T. and Kende, H. (1989) Gas in the internal air spaces of 
deepwater rice in relation to growth induced by submergence. 
Plant Cell Physiol. 30, 49-56.

Voesenek, L.A.C.J. and Blom C.W.P.M. (1989) Growth responses 
of Rumex species in relation to submergence and ethylene. 
Plant Cell Environ. 12, 433-439.

Voesenek, L.A.C.J., Harren F.J.M., Bdgemann, G.M., Blom, 
C.W.P.M. and Reuss, J. (1990) Ethylene production and petiole 
growth in Rumex plants induced by soil waterlogging. Plant 
Physiol. 94, 1071-1077.

Voesenek, L.A.C.J., Banga, M., Thier, R.H., Mudde, C.M., Harren, 
F.M., Barendse, G.W.M. and Blom, C.W.P.M. (1993) 
Submergence-induced ethylene synthesis, entrapment, and 
growth in two plant species with contrasting flooding 
resistances. Plant Physiol. 103, 783-791.

Voesenek, L.A.C.J., Banga, M., Rijnders, J.G.H.M., Visser, E.J.W. 
and Blom, C.W.P.M. (1996) Hormone sensitivity and plant 
adaptations to flooding. Folia Geobot. Phytotax. 31, 47-56.

Wilkinson, J.Q., Lanahan, M.B., Yen, H-C., Giovannoni, J.J. and 
Klee, H.J. (1995) An ethylene-inducible component of signal 
transduction encoded by Never ripe. Science, 270, 1807-1809.

Yang, S. and Hoffman, N. (1984) Ethylene biosynthesis and its 
regulation in higher plants. Annu. Rev. Plant Physiol. 84, 520- 
525.

Zhou, D., Kalaitzis, P., Mattoo, A.K. and Tucker, M.L. (1996) 
The mRNA for an ETR1 homolog in tomato is constitutively 
expressed in vegetative and reproductive tissues. Plant Mol. 
Biol. 30, 1331-1338.

r


