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C h a p t e r  1  

Genera l  in t roduct ion

T h e  R u m e x m o d e l  s y s t e m

Rumex palustris (Sm) is an annual or biennial plant that occurs in areas
that are regularly subjected to complete submergence. Because of severely
reduced diffusion rates of gases in water compared to air, submergence results
in shortages of carbon dioxide and oxygen (Voesenek et al., 1997; Jackson and
Ram, 2003). R. palustris is well-adapted to withstand periods of flooding as a
consequence of several traits that increase its resilience to the stress. Prominent
among these is its ability, when underwater, to extend its leaves rapidly to
regain contact with the aerial atmosphere above the water surface. This
underwater escape response enables the leaves to function as ‘snorkels’, thereby
restoring gas exchange between the atmosphere and submerged plant tissues.
In contrast, Rumex acetosa (L), a related species that is only abundant in
seldom-flooded grasslands, lacks this adaptive feature, and is therefore unable
to overcome prolonged periods of submergence. The underwater escape
response in R. palustris starts within a few hours of submergence and consists
primarily of a strong enhancement of petiole extension. This process is
predominantly driven by cell elongation whereas cell division is unaffected.
In contrast, the extension rate of the leaf blade is not promoted by
submergence (Voesenek and Blom, 1989a;Voesenek et al., 1990; Rijnders et
al., 1996).



An important component of the underwater escape mechanism is the
so-called hyponastic response.This involves a re-orientation of the leaves from
a near-horizontal to a more upright position. Thus, in shallow water layers,
hyponastic growth alone may be sufficient to allow leaf tips to regain contact
with the air. A direct relationship exists between enhanced elongation and
hyponastic growth in submerged R. palustr is since enhanced underwater
elongation is optimised by the adoption of an upright orientation that must
exceed 40-50 degrees above horizontal (Cox et al., 2003). Hyponastic growth
thus plays a permissive role in governing the promptness and vigour of
underwater petiole elongation.

H o r m o n a l  r e g u l a t i o n  o f  u n d e r w a t e r  g r o w t h

Ethylene is the key signalling molecule initiating the enhanced
elongation response in R. palustr is. This gaseous plant hormones is
continuously synthesized by almost all cells in most but not all plant species
(Abeles et al., 1992; Jackson et al., 1996). Normally, ethylene dissipates into
the atmosphere, but when plants are submerged ethylene is trapped inside the
plant and its concentration rises rapidly above ambient. Therefore, the
accumulation of ethylene is a reliable indicator of submergence to which the
plant responds (Voesenek and Blom, 1989b). Employing ethylene to sense
submergence is an ability of many other plant species that feature an
underwater escape mechanism, such as Nymphoides peltata (Malone and Ridge,
1983), Callitr iche platycarpa (Musgrave et al., 1972), deepwater rice (Oryza
sativa, Kende et al., 1998), Caltha palustris (Ridge, 1987), Ranunculus pygmaeus
(Horton, 1992) and Ranunculus sceleratus (Smulders and Horton, 1991).The
key role of ethylene in the underwater elongation response of R. palustr is is
illustrated by the finding that the underwater growth response can be
mimicked fully by applying ethylene to air-grown plants. In contrast, when
plants are treated with chemicals that inhibit ethylene production or ethylene
perception, submergence is no longer capable of eliciting enhanced elongation
(Voesenek and Blom, 1989b).

In R. palustr is, ethylene increases the concentration of the growth-
promoting hormone gibberellin (GA). Furthermore, the sensitivity to GA is
also enhanced by ethylene. Application of GA to air-grown R. palustris plants
induces enhanced elongation, whereas the removal of GA, by inhibiting its
biosynthesis, partially inhibits enhanced underwater elongation (Rijnders et
al., 1997). In contrast, in R. acetosa, ethylene and submergence do not increase
GA biosynthesis, and decrease the sensitivity of petioles to external GA.
Nevertheless, ethylene still accumulates in submerged shoots of this species
and externally applied GA3 stimulates elongation by air grown plants (Rijnders
et al., 1997). Therefore, the interaction between ethylene and GA is an
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important aspect of the adaptive mechanism that enables enhanced elongation
in R. palustr is, while its absence may be one reason for the absence of fast
underwater extension by petioles of R. acetosa .

A b s c i s i c  a c i d

Experiments in a number of submergence tolerant monocots (deepwater
rice, Scirpus micronatus and lowland rice seedlings) showed that the endogenous
concentration of abscisic acid (ABA) decreased strongly upon submergence
(Hoffmann-Benning and Kende, 1992; Lee et al., 1996; Ram et al., 2002).
Because this effect of submergence could be mimicked with ethylene treatment
and because external ABA was able to inhibit submergence-induced
elongation, Hoffmann-Benning and Kende (1992) proposed that - in
deepwater rice - tissue sensitivity to GA was inhibited by ABA.These authors
envisaged that an ethylene-induced decrease in ABA caused by submergence
increased sensitivity to GA thus giving rise to faster elongation.

ABA is a plant hormone that regulates many complex plant processes.
These include the induction and maintenance of seed dormancy, inhibition
of root growth, promotion of stomatal closure and protection from a variety
of environmental stresses. ABA is normally a negative regulator of vegetative
extension growth (Trewavas and Jones, 1991; Bacon, 1999). In germinating
cereal seeds, ABA is known to interact with GA, by blocking GA-induced
production and secretion of starch hydrolysing enzymes into the endosperm
(Zentella et al., 2002). ABA is also known to interact with ethylene, although
this relationship is complex and sometimes contradictory. For example,
ethylene-insensitive mutants (mutated in the ethylene receptor ETR1 or in
ethylene response genes) also have reduced sensitivity of roots to ABA
(Ghassemian et al., 2000; Beaudoin et al., 2000; Gazzarrini and McCourt,
2003), indicating that ethylene enhances the action of ABA. In contrast, these
same ethylene-response mutants increase the sensitivity of the seed to ABA,
which suggests that ethylene suppresses ABA action.Thus, genetic analysis of
ethylene and ABA action suggests that these hormones antagonise each other
at the level of germination, but act additively with respect to root growth.
However, even this last statement cannot be made with certainty as ABA has
been found to antagonise ethylene biosynthesis in drought-stressed roots
(Sharp and LeNoble, 2002). In shoot tissue, enhanced production of ethylene
(induced by herbicides or pathogens) was shown to increase ABA biosynthesis
(Grossmann and Hansen, 2001). In contrast, applied ethylene enhanced ABA
breakdown in Xanthium leaves that were recovering from water deficiency
stress (Zeevaart, 1983).The only conclusion to be drawn from these findings
seems to be that the interaction between ethylene and ABA depends on the
tissue type and the developmental stage of the plant.This means that results
from one model system cannot safely be assumed to apply more widely.
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A B A  B i o s y n t h e s i s  a n d  d e g r a d a t i o n

ABA biosynthesis represents a branch of the carotenoid pathway (Fig.
1). The first committed step of ABA biosynthetic pathway is the oxidative
cleavage reaction of the 11,12 double bond of 9-cis epoxycarotenoids
(neoxanthin and/or violaxanthin).This enzymatic conversion represents the
first unique step in the ABA biosynthesis pathway and produces xanthoxal
(Milborrow et al., 1997; Cutler and Krochko, 1999). Further conversion
towards ABA takes place in the cytosol by two oxidation steps, via the
intermediate abscisic aldehyde (Schwartz et al., 1997; Seo et al., 2000).The
carotenoid cleavage reaction is catalysed by the enzyme 9-cys-epoxycarotenoid
dioxygenase (NCED).This enzyme is considered to be rate-limiting and thus
the key regulating step in the pathway controlling stress-induced ABA synthesis
in vegetative tissue.The epoxycarotenoid precursors of the ABA biosynthetic
pathway are always present in large excess, and conversions from xanthoxal to
ABA are catalyzed by constitutively expressed enzymes (Norman et al., 1990;
Schwartz et al., 1997). Drought stress is known to induce NCED expression
in leaves, which is well correlated with stress-induced ABA synthesis (Tan et
al., 1997; Qin and Zeevaart, 1999). Mutations in NCED, or overexpression
of antisense NCED genes, reduces stress-induced ABA synthesis in leaves, and
results in drought-sensitive plants (Iuchi et al., 2001). In contrast,
overexpression of NCED in transgenic Arabidopsis and tobacco plants resulted
in increases in ABA accumulation and enhanced resistance to drought stress
(Qin and Zeevaart, 1999; Qin and Zeevaart, 2002).

ABA is rapidly deactivated by oxidation to phaseic acid (PA) and, to a
lesser extent, conjugated to the ABA-glucose ester (Zeevaart and Creelman,
1988). The PA pathway dominates in most plant tissues and the enzyme
involved, ABA 8’-hydroxylase, is considered rate-limiting for ABA catabolism
(Cutler and Krochko, 1999). ABA 8’-hydroxylase is a membrane-associated
cytochrome P450 mono-oxygenase (Krochko et al., 1998), but the gene has
not been cloned and no mutants impaired in ABA breakdown have yet been
isolated. Because of this, evidence for the role of ABA 8’-hydroxylase as a
modulating factor in controlling the ABA concentration in planta has, hitherto,
been indirect and circumstantial. However, it is widely believed to be an
important regulatory mechanism controlling internal ABA concentration
(Cutler and Krochko, 1999). ABA 8’-hydroxylase activity is expressed at high
levels in many plant tissues, and is influenced by light, gibberellins and ethylene
(Zeevaart, 1983; Zeevaart and Creelman, 1988; Kraepiel et al., 1994; Gonai et
al., 2004).
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F igure  1 : Proposed biosynthetic pathway of ABA after geranylgeranyl pyrophosphate. Also shown

are the major inactivation products of ABA (phaseic acid (PA), dihydrophaseic acid (DPA), and the

glucose esters (GE) of ABA and PA. Pds: phytoene desaturase. NCED: 9-cis-epoxycarotenoid

dioxygenase. aba1, aba2, aba3 and aao3 represent known gene products in Arabidopsis . Modified

from Sandmann (2001) and Finkelstein and Rock (2003).
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A B A  s i g n a l  t r a n s d u c t i o n

To date, more than 50 genes related to ABA signalling have been isolated,
almost all in Arabidopsis, and many times using screens based on altered seed
germination in response to exogenously applied ABA or GA. Broadly speaking,
two classes of mutants have been identified.These are mutations that confer a
hypersensitive phenotype to ABA, like era1 or det2, and mutations that reduce
seed ABA responsiveness, like abi1, abi2, abi3, abi4, abi5 (ABA Insensitive, See
Finkelstein and Rock, 2003; Gazzarrini and McCourt, 2003). ABI1 and ABI2
are almost identical protein phosphatases that act upstream in the ABA
signalling pathway (Fig. 2).The originally isolated abi1-1 and abi2-1 mutants
showed an ABA insensitive phenotype (Koornneef et al., 1984). Later work
showed that loss-of-function mutations in these genes rendered the plants
ABA-hypersensitive, and over-expression of ABI1 inhibited ABA action,
showing that ABI1 and ABI2 are negative regulators of ABA signalling (Sheen,
1998; Gosti et al., 1999; Merlot et al., 2001). ABI1/2 act at or above ERA1
(Enhanced Responsive for ABA), which, in turn, operates at or above ABI3,
ABI4 and ABI5 (Fig. 2).These last three gene products are transcription factors
that regulate many of the same genes, but in different ways. Their complex
interactions dictate that these proteins should not be placed in a simple
hierarchical signalling pathway (Soderman et al., 2000; Nakamura et al., 2001;
Finkelstein et al., 2002).

A B A  a c t i o n  i n  t h e  c e l l  w a l l

Tissue extension in plants requires the plastic modification of the cell
wall carbohydrate network. Expansins are a class of cell wall loosening proteins
involved in the submergence-induced elongation process in R. palustr is
(Vriezen et al., 2000; Vreeburg, 2004). Transcript levels of R. palustr is
EXPANSIN 1 (RpEXP1) are up-regulated within 2 h of submergence, and
this is rapidly followed by a substantial increase in cell wall loosening capacity
(Vreeburg, 2004). Expansin action is pH dependent: an acidification of the cell
wall is required for expansin activity. Applied ABA is capable of increasing
extracellular pH in maize suspension cells and in leaves of Vicia Faba (Balsevich
et al., 1994; Felle and Hanstein, 2002), and blue light-induced apoplastic
acidification in guard cells was shown to be inhibited by ABA (Goh et al.,
1996; Roelfsema et al., 1998). Therefore, hypothetically, ABA might inhibit
enhanced underwater elongation in R. palustris by restricting wall extensibility
by means of opposing acidification of the petiole apoplast.

T h e  A r a b i d o p s i s m o d e l  s y s t e m

Arabidopsis thaliana belongs to the mustard family and is generally
confined to well aerated, non-flooded, environments. However, when this
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species is submerged or treated with ethylene (5 µL L-1), it shows a hyponastic
growth response reminiscent of the submergence avoiding syndrome of R.
palustris (Millenaar et al., unpublished).This form of differential growth varies
strongly between accessions. For instance, the accessions Columbia-0 and
Wassilewskija-2 show strong hyponastic growth upon exposure to ethylene,
whereas Landsberg erecta only changes its petiole angle slightly.

A. thaliana has a relatively small diploid genome that is now fully
sequenced and for which commercially available microarrays allow for the titre
of mRNA for many of these genes to be estimated in one extract.
Furthermore, a vast number of well-documented mutants are catalogued and
available from stock centres and the species is readily transformable. Because
of these factors, A. thaliana has become the model system of choice in
molecular plant biology.The availability of these tools permits more in-depth
studies of interactions between hormones such as ethylene and ABA than is
possible in R. palustr is. However with due circumspection, such work with
Arabidopsis can also be expected to inform about such interactions in R.
palustris.

T h e s i s  o u t l i n e

The aim of the research presented in this thesis is to elucidate the role
of ABA in the process of ethylene-induced growth in petioles of adult plants
of both R. palustris and A. thaliana.These two model species exhibit similar
growth responses to submergence or ethylene treatment that may inform on
each other. However, the possibility that the underlying mechanisms may not
always be the same is fully recognised. The close relationship between ABA
and ethylene suggested in the physiology literature, as well as the already
reported involvement of ABA in submergence-induced growth in other

G e n e r a l  i n t r o d u c t i o n • 1 5

F igure  2 : Proposed partial model of the ABA signalling pathway

as defined by genetic and molecular analysis. Modified from

Gazzarrini and McCourt (2003).
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submergence-tolerant species suggested that interaction between these two
hormones in submergence-induced petiole elongation in R. palustris was also
highly likely. Chapter 2 addresses this issue by examining whether the
interaction between ethylene and ABA is different in the submergence tolerant
R. palustr is when compared to intolerant R. acetosa. The results show that
endogenous ABA is an inhibitory factor for underwater elongation in both
species. In R. palustr is, accumulated ethylene removes this restriction by
repressing ABA biosynthesis and by increasing the amount of ABA breakdown,
mechanisms that are absent in R. acetosa. Artificial reduction of endogenous
ABA in R. acetosa is shown to permit fast underwater elongation in this
species.This points to a maintenance of normal tissue concentrations of ABA
as a principal explanation for the absence of a submergence escape mechanism
in R. acetosa. Chapter 3 investigates whether submergence-induced
hyponastic growth is also regulated by ABA in R. palustr is. It shows ABA to
be a strong inhibitor of ethylene-induced hyponastic growth, and that artificial
reductions in endogenous ABA levels re-orientate leaves of air-grown plants
to a more vertical stance.

The two following chapters seek to examine the mode of action of ABA
in submerged tissue.Thus, Chapter 4 focuses on interactions between ABA
and GA during submergence-induced growth. It shows that submergence-
induced elongation consists of GA-dependent and GA-independent phases,
and that ABA negatively regulates the up-regulation of GA biosynthesis
underwater by inhibiting expression of GA biosynthesis genes. Chapter 5
presents a study into the regulation of apoplastic pH of R. palustr is petioles
in response to submergence. It demonstrates that a rapid acidification of the
apoplast is brought about by submergence.This process is ethylene-inducible,
but not influenced by ABA.

Chapter 6 uses the model species Arabidopsis to elucidate whether the
observed interactions between ethylene and ABA in R. palustr is are also
applicable to the ethylene-induced hyponastic growth response in Arabidopsis.
It shows that ABA is also a negative regulator of ethylene-induced hyponasty
in Arabidopsis, but, unlike in R. palustr is, ethylene acts by desensitising the
plant to ABA rather than reducing the internal ABA titre.
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C h a p t e r  2

Contras t ing  in terac t ions  between

ethy lene  and  absc i s i c  ac id  in  Rumex

spec ies  d i ffe r ing  in  submergence

to lerance

Joris J. Benschop, Michael B. Jackson, Anton J.M. Peeters, Stephen J. Croker1,
Robert A.M.Vreeburg, Jordi Bou i Torrent, Laurentius A.C.J.Voesenek.

1 School of Chemistry, University of Bristol, Bristol BS8 1TS , UK

A b b r e v i a t i o n s

1-MCP: 1-methylcyclopropene; ABA: abscisic acid; DPA: dihydrophaseic acid; GA: gibberellic

acid; NCED: 9-cys-epoxycarotenoid dioxygenase; PA: phaseic acid

A b s t r a c t

Complete submergence of flooding-tolerant Rumex palustr is plants stimulates petiole
elongation strongly.This escape response is initiated by the accumulation of ethylene inside the
submerged tissue. In contrast, petioles of flooding-intolerant R. acetosa do not increase their
elongation rate underwater even though ethylene also accumulates when they are submerged.
Regulation of these quantitatively different responses may have an component of abscisic acid
(ABA) since ethylene and/or submergence has been reported to decrease internal levels of ABA
in flooding tolerant monocots. In contrast, ethylene can stimulate biosynthesis of ABA during
vegetative growth of some dryland species.This suggests that ABA is regulated differently by
ethylene in submergence tolerant and intolerant species. We hypothesized that the different
effects of submergence on elongation growth in R. palustris and R. acetosa result from different
effects of ethylene on ABA levels. In support of this we found that (i) ABA inhibits petiole
elongation in both species; (ii) in R. palustr is ethylene and submergence each stimulate
elongation by inhibiting ABA biosynthesis and enhancing ABA degradation; (iii) in R. acetosa,
submergence does not stimulate petiole elongation or depress ABA levels. However, if ABA
concentrations in R. acetosa are first reduced using fluridone, submergence (but not ethylene)
is then able to enhance petiole elongation strongly.This result suggests that a decrease in ABA
is a pre-requisite for ethylene and other stimuli to promote elongation.



I n t r o d u c t i o n

Temporary flooding of riverside habitats is a worldwide phenomenon
that has a severe impact on terrestrial plant life as well as on human activities.
One of the acclimations of higher plants to complete submergence of the
shoot and the associated shortages of carbon dioxide, oxygen and light
(Voesenek et al., 1997; Jackson and Ram, 2003) is stimulated elongation of
shoot parts such as internodes and petioles. This adaptive trait has been
documented in a variety of monocot and dicot species (Ridge, 1987;Voesenek
et al., 1992). It is under hormonal control and has been the subject of
physiological and molecular analysis for over 30 years (Jackson, 1990). It
enables shoot parts to emerge from the water and function as ‘snorkels’, so
that gas exchange between the atmosphere and the submerged plant tissues
can be restored before the plant asphyxiates.

The genus Rumex consists of submergence tolerant (e.g. R. palustris) as
well as submergence intolerant species (e.g. R. acetosa, Blom and Voesenek,
1996).When submerged, the elongation rate of the petioles of the submergence
tolerant R. palustr is increases strongly within a few hours. In R. acetosa, the
elongation-based escape mechanism is absent and accordingly this species is
intolerant to complete submergence of its shoot system (Voesenek et al., 1997).
In common with many other aquatic and semi-aquatic species, enhanced
elongation of submerged petioles by R. palustr is requires an increase in
endogenous ethylene. In submerged plants, ethylene accumulates because the
surrounding water imposes a barrier to outward gas diffusion that slows the
escape of ethylene, which continues to be synthesised (Voesenek et al., 1993).
Enhanced underwater elongation can be mimicked by applying ethylene to
non-submerged plants, while inhibitors of ethylene action such as silver ions
strongly inhibit fast underwater elongation. In R. palustris, ethylene-promoted
growth is associated with increased GA1 biosynthesis and greater sensitivity to
GA. By contrast, in submergence intolerant R. acetosa, submergence or
ethylene de-sensitise petioles to GA3 and fail to increase GA biosynthesis. Still,
ethylene accumulates in submerged shoots of this species and externally applied
GA3 stimulates elongation in air grown plants (Rijnders et al., 1997).Therefore,
the different responses to submergence by R. acetosa and R. palustris appeared
to result primarily from different effects of ethylene on GA-biosynthesis and
action. Overall, these results indicate that ethylene rather than GA is the first-
in-line regulator of underwater elongation.
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In extension to these observations, there have been indications that ABA
is also involved in regulating underwater elongation of R. palustris. ABA is a
known negative regulator of vegetative extension growth, and a decline in
internal ABA levels is often a prerequisite for germination (Trewavas and Jones,
1991; Bacon et al., 1998; Bentsink and Koornneef, 2003). Furthermore, ABA
levels can be regulated by ethylene during vegetative growth. For example,
Zeevaart (1983) found that applied ethylene depresses endogenous ABA
concentrations in rehydrated Xanthium leaves. Subsequent work in
submergence tolerant monocots (deepwater rice, Scirpus micronatus and
lowland rice seedlings) showed that endogenous ABA levels decreased strongly
upon submergence (Hoffmann-Benning and Kende, 1992; Lee et al., 1996;
Ram et al., 2002). Because this effect of submergence could be mimicked with
ethylene treatment and because external ABA was able to inhibit submergence-
induced elongation, Hoffmann-Benning and Kende (1992) proposed that - in
deepwater rice - tissue sensitivity to GA was inhibited by ABA.These authors
envisaged that an ethylene-induced decrease in ABA caused by submergence
increased sensitivity to GA, thus giving rise to faster elongation. These
observations are in contrast with the suggestion of Grossmann and Hansen
(2000, 2001) that increased levels of ethylene stimulate ABA biosynthesis and
that this stimulation is a general component of interaction between these two
hormones. These contrasting views raise the question as to how close the
correlation between ABA, ethylene and submergence-induced elongation
really is. The link between them may be revealed more certainly by asking
whether ethylene and ABA are regulated differently by submergence in
flooding tolerant and flooding intolerant Rumex species and whether ethylene
regulates ABA in a similar manner to submergence in each of these species.
Therefore we determined (i) relationships between the presence or absence
of submergence-induced elongation in R. palustris and R. acetosa and changes
in internal ABA; (ii) if ethylene is a necessary and sufficient factor affecting
ABA levels in submerged plants; (iii) if submergence- or ethylene-mediated
changes in endogenous ABA are an outcome of altered biosynthesis and/or
catabolism of ABA.

We show here that ABA is an inhibitory factor for underwater elongation
in both R. palustr is and R. acetosa; the difference between the two species
being that only in R. palustr is does submergence relieve this inhibition by
means of ethylene-mediated decreases in ABA.These decreases are shown to
involve both a slowing of ABA biosynthesis and a promotion of ABA
breakdown.

A B A  r e g u l a t e d  g r o w t h  i n  R u m e x • 2 1



R e s u l t s

S u b m e r g e n c e  o r  e t h y l e n e  t r e a t m e n t  e a c h  r a p i d l y  d e p r e s s

i n t e r n a l  A B A  c o n c e n t r a t i o n s

Upon submergence, leaf elongation by R. palustris increased rapidly after
a lag phase of approximately 2 h (Fig. 1a). After 6 h, the rate of leaf elongation
was four times that of controls. ABA concentrations in petioles of submerged
plants declined even sooner, with a lag phase of only 15 min (Fig. 1b). ABA
concentrations then decreased further and were 6-fold lower than controls
after 80 min of submergence. Plants submerged for 24 or 48 h in this same
experiment retained these low levels of internal ABA (data not shown).
Separate measurements of different plant parts showed that ABA decline was

2 2 • C h a p t e r  2

F ig .1 : Leaf elongation rate (a ) and ABA concentration (b ,c ) in petioles of Rumex palustris during

submergence (a ,b ) or during treatment with 5 µL L-1 ethylene (c ). Open circles: air controls. Filled

circles: submerged or ethylene treated starting at t = 0 h (dashed line). Means of 6 replicates (a ) with

a typical standard error (SE) shown; 3 replicates (b ) or 4 replicates (c ) with standard errors.
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not restricted to the petiole of the second oldest leaf. It was also observed in
all other petioles, leaf blades and roots after 4 h of submergence (Fig. 2).
Applying 5 µL L-1 ethylene to air-grown plants affected ABA levels in a similar
way to submergence (Fig. 1c). A rapid decline in the endogenous ABA
concentration was observed within 60 min of treatment. Overall, the kinetics
of ABA decline in ethylene-treated plants were closely similar to those
observed in submerged plants.

A B A  i n h i b i t s  e l o n g a t i o n  g r o w t h

When R. palustris was submerged for 48 h, the presence of ABA in the
solution severely inhibited underwater elongation (Fig. 3a). A significant
inhibition of elongation was observed at ABA concentration above 0.1 µM.
However, even at extremely high concentrations of ABA (100 µM), elongation
rate of submerged plants was still somewhat higher than that of air-grown
plants.

To test the interaction between ethylene and ABA on petiole elongation,
plants were grown in hydroculture. In this set-up, ABA (0-10 µM) was
administered through the roots and 5 µL L-1 ethylene was applied to the shoot
environment in a flow-through container. A strong inhibitory effect of ABA
on ethylene-promoted petiole elongation growth was observed (Fig. 3b).The
scale of the effect was similar to that seen in submerged plants.

E t h y l e n e  i s  t h e  p r i n c i p l e  f a c t o r  d e p r e s s i n g  A B A  l e v e l s  i n

s u b m e r g e d  p l a n t s

Although ethylene alone is sufficient to mimic the effect of submergence
by stimulating elongation (Fig. 3) and decreasing internal ABA (Fig. 1), it
remains possible that, in submerged plants, the faster extension rate and large

A B A  r e g u l a t e d  g r o w t h  i n  R u m e x • 2 3

F i g . 2 : ABA concentrations in different parts of Rumex palustris plants placed in air (open) or

submerged for 4 h (filled). P1-P5: Petioles 1 (oldest) to petiole 5 (youngest); B34: blade of leaf 3 and

4; B5: blade of the fifth (youngest) leaf; R: roots. Means of 4 replicates with standard errors.
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2 4 • C h a p t e r  2

F ig .3 : Effect of treating Rumex palustris plants with increasing concentrations of ABA on the petiole

elongation response to (a ) submergence or (b ) 5 µL L-1 ethylene. Treatments lasted 48 h. The length

of the second youngest petiole was measured before and after treatment and increase in length

calculated as the difference. For (a ) plants were grown in pots and submerged in solutions containing

0-100 µM ABA. For (b ) plants were grown in hydroculture where the root environment was treated

with 0-100 µM ABA, and the shoot placed in a cuvette through which air or 5 µL L-1 ethylene flowed

at 30 L min-1. Bars indicate the relative elongation of air grown plants during the same experimental

period. Means of 12 plants with standard errors.
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F i g . 4 .  Effect of submergence (Sub) and 1-MCP on leaf elongation rate in Rumex palustris . Plants

were placed in desiccators for 1 h in the absence (circles) or presence (triangles) of 1 µL L-1 1-MCP.

Leaf extension was then measured in the second youngest leaf using linear displacement transducers

after plants were submerged at t = 0 h (filled symbols) or placed in open air (open symbols). Means

of 3 replicates with standard errors.
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decrease of ABA could be the results of other influences.These might include
a decrease in transport of root-derived ABA or a decrease in biosynthesis due
to a lack of O2.To investigate these possibilities, submerged plants were pre-
treated with 1-MCP, an inhibitor of ethylene perception. If factors other than
ethylene were responsible for stimulating elongation and depressing ABA
during submergence, 1-MCP should not prevent their occurrence. However,
1-MCP pre-treatment resulted in the complete absence of enhanced
elongation by submerged plants for at least 5 h (Fig. 4) and endogenous ABA
concentrations remained high and comparable with those of non-submerged
plants (Table I).

E f f e c t s  o f  m a n i p u l a t i o n  o f  A B A  l e v e l s  o n  u n d e r w a t e r

e x t e n s i o n

In order to start a submergence experiment with a reduced endogenous
ABA concentration, R. palustris plants were pre-treated for 72 h with 10 mL
of 100 µM fluridone, an inhibitor of ABA biosynthesis.This treatment reduced
ABA concentrations in the petiole by 20% (data not shown) but had no
significant effect on petiole elongation in air-grown plants (Fig. 5a, t<0).
However, upon submergence of these same plants, the 2-h lag time for
enhanced elongation that existed in non-fluridone treated plants was shortened
to only 60 min (Fig. 5a). When internal ABA concentrations in submerged
fluridone-treated plants were restored by adding 5 µM ABA the lag phase for
elongation was returned to normal and extension slowed to rates similar to
those of submerged plants not given fluridone (Fig. 5a). To check that the
effect of fluridone on growth in submerged plants depends upon changes in
ethylene rather than changes in O2 or CO2 supply, the experiment was repeated
with plants pre-treated with 1-MCP. Figure 5b shows that, when ethylene
reception was blocked by 1-MCP, fluridone no longer enhanced elongation
in submerged plants.

In separate experiments, ABA was applied to plants that were already
submerged for 24 h. This approach was intended to reveal whether ABA
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Ta b l e  I . Effect of submergence and 1-MCP on the concentration of ABA in petioles of Rumex

palustris. Plants were placed in desiccators for 1 h in the presence or absence of 1-MCP. After this,

plants were placed back in the growth room in air or submerged in water. After 4 h, petioles were

harvested for ABA extraction.

Treatment ABA

Air 80.3 ± 12.9
Submerged 36.3 ± 3.8
Submerged +1-MCP 93.6 ± 11.5

Means of three replicates ± standard error.
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F i g . 6 . Effect of ABA on submergence-induced leaf elongation in Rumex palustris measured with

linear displacement transducers. Plants were submerged at t = -24 h in water (filled circles) or in water

containing 5 µM ABA (open triangles). At t = 0 h (dashed line), plants were drained rapidly and re-

submerged in water (filled circles) or water containing 5 µM ABA (open circles, open triangles). Means

of 3 replicates with standard errors.
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F i g . 5 . Effect of fluridone, ABA and 1-MCP on submergence-induced leaf elongation in Rumex

palustris measured with linear displacement transducers. Plants were treated with fluridone (Flu,

filled symbols) or water (open symbols) 72 h prior to submergence. Plants were submerged at t = 0 h

(dashed line). a : Plants submerged in water (circles) or in water containing 5 µM ABA (triangles). b :

To administer volatile 1-MCP, all plants were enclosed in desiccators for 1 h in the presence (triangles)

or absence (circles) of 1 µL L-1 1-MCP before measurements started. Means of 4 replicates with

standard errors.
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inhibits only the time of onset of underwater elongation, or whether it is
capable of inhibiting elongation in petioles once the enhanced elongation
mechanism is fully engaged.The treatment should also indicate the length of
time taken for external ABA to enter the plant tissue and affect elongation
growth. Figure 6 shows that, when ABA was given to submerged R. palustris
plants 24 h after the start of submergence, an inhibitory effect was evident
after only 45 min.Within 4 h of treatment, the elongation rate in these plants
was indistinguishable from that of plants treated with ABA at the start of
submergence.

A B A  a f f e c t s  u n d e r w a t e r  e l o n g a t i o n  i n  a  s u b m e r g e n c e -

i n t o l e r a n t  s p e c i e s

The genus Rumex contains both submergence tolerant and submergence
intolerant species. In contrast to tolerant R. palustr is, the rate of petiole
elongation in intolerant R. acetosa is not promoted by submergence or ethylene
treatment (Voesenek and Blom, 1989b). We therefore studied the ability of
submergence to decrease internal ABA levels in R. acetosa and examined the
effects of fluridone on elongation growth in this species.These experiments
showed that, in contrast to R. palustr is, ABA levels in R. acetosa were not
decreased by submergence. Petiolar concentrations remained similar to non-
submerged plants for up to 48 h (Fig. 7a). The elongation rate of R. acetosa
petioles during the first 6 h of submergence was similar to the growth rate
observed before submergence. However, when plants were pre-treated with
fluridone, the growth response to submergence was converted to that seen in
submergence tolerant R. palustris, i.e. a strong increase in elongation rate took
place that was about three times that of non-submerged controls and followed
a distinct 1.5 h lag phase (Fig. 7b). To establish whether increased ethylene
levels were involved in this enhanced underwater elongation in R. acetosa the
experiment was repeated after plants were pre-treated with 1-MCP. In contrast
to R. palustris (Fig. 4 and 5) we found that the underwater elongation rate in
R. acetosa given fluridone was not inhibited by 1-MCP but was, in fact, even
higher than that found in plants that were still able to sense ethylene (Fig. 7c).

E t h y l e n e  d e c r e a s e s  i n t e r n a l  A B A  l e v e l s  b y  d e c r e a s i n g

b i o s y n t h e s i s  a n d  i n c r e a s i n g  b r e a k d o w n  

Although at least five different enzymatic steps are involved in the
biosynthetic pathway of ABA, it is believed that, in vegetative tissue, ABA
biosynthesis is regulated principally through 9-cis-epoxycarotenoid
dioxygenase (NCED), which catalyses the first committed step of ABA
biosynthesis (Qin and Zeevaart, 1999). Using degenerate primers, a 550 base
pair sequence was isolated which showed 70 to 80 % protein sequence
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homology to NCED orthologs of a number of monocot and dicot species.
This gene was named RpNCED1. RNA expression studies of RpNCED1
showed that, upon submergence, a rapid decrease in expression was observed
within 1 h of treatment (Fig. 8a) and remained at a level that was statistically
below that of non-submerged plants for at least 48 h.The temporary peak in
expression level that was observed after 3 h of submergence cannot easily be
explained, but was reproduced on repeating the experiment.

2 8 • C h a p t e r  2

F ig .7 . (a ) Effect of submergence on ABA concentrations in petioles of Rumex acetosa. Open symbols-

air controls; filled symbols - submerged at t = 0 h (Means of 4 replicates with standard errors. (b ,c ):

Effect of fluridone and 1-MCP on submergence-induced leaf elongation in Rumex acetosa measured

with linear displacement transducers. Fluridone (Flu) was administered 72 h prior to submergence.

Plants were submerged at t = 0 h (dashed line). To administer volatile 1-MCP (c ), all plants were

enclosed in desiccators for 1 h in the presence (triangles) or absence (circles) of 1 µL L-1 1-MCP before

measurements started. Means of 6 (b ) or 4 (c ) replicates with standard errors.
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To confirm that RpNCED1 is an actively regulated gene, submerged
plants were returned to air after 10 h of submergence. In these plants a very
strong up-regulation of RpNCED1 expression occurred within 30 min (Fig.
8b), and expression remained high for at least 2 h. Interestingly, although ABA
concentrations also increased, they did not fully recover to the same extent as
did RpNCED1 transcript levels (Fig. 9). Although a significant increase in
ABA concentration was observed after 1h of desubmergence, the actual
concentration of ABA in these petioles remained well-below that found in air
grown plants for at least 6 h.

Phaseic acid (PA), the primary breakdown product of ABA, and ABA-
glucose ester, a common conjugate, were measured in plants that were
submerged or given ethylene for 1 h (Table II).This treatment reduced internal
ABA levels to almost 70 % lower than to air-grown plants. PA levels increased
10-25 % in the same time period. No ABA-glucose ester could be detected
in either control or submerged plants (data not shown).

A B A  r e g u l a t e d  g r o w t h  i n  R u m e x • 2 9

F ig .8 .  Relative expression of RpNCED1 mRNA during submergence (a ) or after de-submergence (b )

a : Controls in air (open symbols),submerged at t = 0 h (filled symbols). b : plants in air (open symbols),

submerged at t = -10 h (filled symbols), or submerged at t = -10 h and de-submerged at t = 0 h (open

triangles). Expression of mRNA was quantified relative to the value obtained at t = 0 h. Means of 3

replicates with standard errors.
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Recently, analogues of ABA were developed that specifically inhibit ABA
8’-hydroxylase, an enzyme that catalyses the breakdown of ABA to PA (Rose
et al., 1997; Cutler et al., 2000). Such so-called ‘suicide substrates’ bind
irreversibly to the enzyme, rendering it inactive. One of these analogues, 8’-
acetylene ABA, was used to inhibit ABA 8’-hydroxylase activity in submerged
R. palustr is plants. To test for the activity of this analogue, plants were
submerged for 48 h in the absence or presence of different concentrations of
ABA or 8’-acetylene ABA, after which total petiole elongation was measured.
This showed that 8’-acetylene ABA is about 10 times more active in inhibiting
underwater growth than natural ABA (Table III).

3 0 • C h a p t e r  2

Table  I I I . Effect of ABA and 8’-acetylene-ABA on submergence-induced petiole elongation in Rumex

palustris. Plants were treated for 28 h in air or submerged with or without ABA or 8’-acetylene-ABA

(acABA). Petiole length of the second youngest petiole was measured before and after treatment, and

the increase in length was calculated. Inhibition values represent the percentage inhibition of elon-

gation, normalized for plants that were air grown (100%) and submerged without hormones (0%).

Average starting length was 13.1 mm. 

Treatment Increase (mm) Inhibition %

Air 4.6 ± 0.42 (100)
Submerged

No ABA or acABA 20.3 ± 1.18 (0)
0.1 µM ABA 16.8 ± 0.62 22
0.1 µM acABA 12.9 ± 0.67 47
1 µM ABA 13.5 ± 0.46 43
1 µM acABA 10.4 ± 0.46 63
10 µM ABA 9.3 ± 0.53 70

Means of eight replicates with standard errors.

Table  I I . Effect of ethylene and submergence on concentrations of ABA and PA in petioles of Rumex

palustris. Lines 1 and 2: Levels of ABA and PA from plants in air or treated with 5 µL L-1 ethylene for

1 h. Lines 3 and 4: Levels of ABA and PA in air or submerged for 1 h. 

Treatment ABA PA

Air 113.7 ± 9.0 150.2 ± 10.7
Ethylene 37.8 ± 8.8 188.2 ± 6.3 

Air 81 ± 6.4 171.8 ± 4.0 
Submerged 28.6 ± 3.0 189.7 ± 2.6 

Means of four replicates with standard errors.



D i s c u s s i o n

A B A  i s  a  f a c t o r  i n h i b i t i n g  e n h a n c e d  e l o n g a t i o n

Our results support the hypothesis that the rate of petiole elongation by
submerged R. palustr is plants is determined not only by growth promoting
stimuli from ethylene and GA, but also by the growth inhibiting factor ABA.
The first hours of submergence of R. palustr is are characterised by a sharp
decline in petiole ABA concentration. This happens well in advance of any
measurable increase in elongation rate (Fig. 1a-b). Furthermore, when internal
ABA is kept artificially high with exogenous ABA, elongation can be
effectively inhibited (Fig. 3a).This inhibitory effect is present both at the start
of submergence-induced growth and throughout at least 24 h of submergence
(Fig. 6), indicating that reduced levels of ABA are a requirement for both the
onset and the maintenance of enhanced elongation.

Fluridone, an inhibitor of carotenoid biosynthesis suppresses ABA
production in plants and seeds (Gamble and Mullet, 1986; Yoshioka et al.,
1998). In the present work, fluridone resulted in modest decline (20%) in
petiole ABA concentrations but no wilting was observed even though stomatal
regulation may well have been affected.This reduction in endogenous ABA
was associated with a significantly shorter lag phase of submergence-induced
elongation (Fig. 5), an effect that was reversible by supplying ABA.This suggests
that the lag phase of elongation that followed submergence can -at least
partially- be explained by a blockage to elongation growth by ABA that is
terminated when tissue concentrations decline below some critical threshold
concentration.

A B A  r e g u l a t e d  g r o w t h  i n  R u m e x • 3 1

F i g . 9 .  Concentration of ABA in petioles of Rumex palustris after de-submergence. Controls in air

(open circles), submerged at t = -24 h (filled circles), or submerged at t = -24 h and desubmerged at t

= 0 h (open triangles). Means of 4 replicates with standard errors.
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Apart from a build-up of internal ethylene, submergence results in a
large number of other environmental changes, including changes in light
climate, and availability of O2 and CO2 (Rijnders et al., 2000). The data
presented here show that during submergence, increased ethylene within the
tissue is both required and sufficient to induce the observed decrease in
internal ABA levels (Fig. 1c,Table I). However, these experiments also showed
that the enhanced elongation response is not merely the result of less ABA
acting alone. Plants treated with fluridone did not show enhanced elongation
prior to submergence and did not elongate faster than control plants when
submerged after treatment with 1-MCP (Fig. 5b).These results indicate that,
in addition to a loss of ABA, the presence and action of growth-stimulating
amounts of ethylene are also needed.

S u b m e r g e n c e  d o e s  n o t  a f f e c t  i n t e r n a l  A B A  l e v e l s  i n  

R .  a c e t o s a

The submergence-induced down-regulation of the ABA concentration
in petioles of tolerant R. palustris is absent in intolerant R. acetosa; ABA levels
in the petioles of submerged R. acetosa plants remaining similar to those of
non-submerged plants for at least 48 h (Fig. 7a).Thus, our observations in R.
acetosa do not support the hypothesis of Grossman and Hansen (2001) that
ABA biosynthesis is induced by increased levels of ethylene. Submergence of
R. acetosa was shown to result in saturating levels of internal ethylene
(Voesenek et al., 1993), but ABA levels failed to increase (Fig. 7a).

When tissue ABA in R. acetosa is artificially depressed using fluridone
this species is converted to behave similar to R. palustr is and respond to
submergence with accelerated petiole extension. In sharp contrast to R.
palustris, in which submergence-induced growth is completely dependent on
ethylene (Fig. 4), underwater elongation in R. acetosa does not rely on
increased ethylene levels (Fig. 7c). In fact, inhibition of ethylene perception
using 1-MCP was found to enhance underwater growth rates in comparison
to untreated and thus ethylene sensing plants. As the elongation rate in R.
acetosa is not affected by fluridone in air grown plants (Fig. 7b,c t<0), and
ethylene perception is not required for enhanced underwater elongation in
this species, another elongation inducing signal must be present as is also the
case for the submerged aquatic Potamogeton pectinatus, an aquatic species that
is constitutively unable to synthesize ethylene (Jackson et al., 1996). Possible
alternatives include low levels of O2 or high levels of CO2 (Voesenek et al.,
1997; Azuma et al., 2001). However, as our experiments were performed in
the light and light quality or intensity was not significantly altered by the
shallow water layer, a depletion of O2 or build up of CO2 is very unlikely in
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these experiments. It is interesting to note that the mystery signal so clearly
active in R. acetosa, is unable to induce elongation in submerged R. palustris
when ethylene signalling is absent (Fig. 4 and 5).

R e g u l a t i o n  o f  A B A  c o n c e n t r a t i o n

It is well established that ABA in higher plants is derived from C40-
carotenoids (Cutler and Krochko, 1999; Milborrow, 2001) with the key
regulatory step being the oxidative cleavage of C40-epoxycarotenoids (Qin and
Zeevaart, 1999;Taylor et al., 2000).The enzyme responsible for this step, 9-
cis-epoxycarotenoid dioxygenase (NCED), catalyses the first unique step in
ABA biosynthesis to produce xanthoxal (Milborrow, 2001). Up-regulation of
NCED genes in response to drought has been found in many species (Qin
and Zeevaart, 1999; Burbidge et al., 1999; Iuchi et al., 2001). In R. palustris,
expression of RpNCED1 decreased almost at once upon submergence and
remains at a low level for at least 48 h. This loss of message could slow
biosynthesis of ABA considerably. However, the rapid decrease of ABA levels
observed upon submergence or ethylene treatment (Fig. 1) is not easily
explained in terms of decreased biosynthesis alone. Although up-regulation of
NCED expression might well induce a rapid increase of the levels of NCED
and thus ABA, the impact of down-regulation of gene expression on enzyme
activity would be tempered by the half-life of NCED. Also, if ABA levels
depend on RpNCED1 transcription alone, the temporary increase in
expression levels of RpNCED1 after 3 h of submergence (Fig. 8) would have
been reflected in a much increased internal ABA concentration but this was
not the case (Fig. 1b). Furthermore, desubmerged plants showed high
RpNCED1 expression shortly after being returned to air, while internal ABA
levels in the petioles remained significantly lower than in controls for at least
6 h.These observations suggest that, although at least one component of the
ABA biosynthesis pathway is clearly affected by submergence, the rapid
decreases in ABA that submergence brings about is not fully explained by a
depression of synthesis. Thus, catabolism is the more probable basis for
submergence-induced loss of ABA.

The predominant pathway for ABA catabolism is through oxidative
breakdown to 8’-hydroxy-ABA, with subsequent conversion to PA and
dihydrophaseic acid (DPA) (Zeevaart and Creelman, 1988; Cutler and
Krochko, 1999).The enzyme involved, ABA 8’-hydroxylase, is a cytochrome
P450 mono-oxygenase (Krochko et al., 1998). In addition to this process,
conjugation to ABA glucose ester can also deplete the endogenous titre of
ABA (Vernieri et al., 1994). ABA 8’-hydroxylase activity is rapidly induced by
ABA in corn suspension cells (Krochko et al., 1998). Zeevaart (1983) found
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increased metabolism of ABA to PA upon recovery of drought stress in
Xanthium leaves.This process was found to be enhanced by external ethylene,
although ethylene was unable to decrease ABA levels below those of turgid
leaves. In R. palustr is, we find a small but significant increase in the
concentration of PA after 1 h of submergence or treatment with ethylene. At
this time internal ABA decreased almost 70%. As the total increase in PA is
smaller then the decrease in ABA there is probably a concurrent degradation
of PA to DPA.

The use of ABA analogues to inhibit ABA 8’-hydroxylase activity with
a high degree of specificity has been described in a variety of studies (Lamb
et al., 1996; Abrams et al., 1997; Cutler et al., 2000; Schmitz et al., 2002) and
has illustrated the importance of ABA metabolism during dormancy and
germination. Here we used 8’-acetylene ABA (Rose et al., 1997) as an
irreversible inhibitor of ABA breakdown to show that enhanced elongation
during submergence can be blocked by slowing ABA breakdown.This result
strengthens the suggestion that ethylene regulates internal ABA concentration
mainly through increased catabolism.

ABA and ethylene have been shown to act antagonistically in a number
of different processes. Ethylene was found to reduce ABA sensitivity in roots
and imbibed seeds (Ghassemian et al., 2000; Beaudoin et al., 2000), while
applied ABA enhanced elongation in water stressed roots by inhibiting ethylene
production (Sharp and LeNoble, 2002). Ethylene has also been shown to
induce ABA catabolism during rehydration (Zeevaart, 1983), and it is quite
feasible that such a regulatory mechanism is present in many plant species. It
is tempting to speculate that the ethylene-induced catabolism of ABA that we
demonstrate in R. palustr is is adapted from this mechanism since all aquatic
and semi-aquatic species are descended from dryland antecedents (Cook,
1999). The presence of an ethylene-induced reduction of ABA in
submergence-tolerant monocots (Hoffmann-Benning and Kende, 1992; Lee et
al., 1996; Ram et al., 2002) would imply a similar adaptation, although it is
not known how ABA is regulated by ethylene in these species.

C o n c l u s i o n s

We show that ABA is a key regulator of submergence-induced elongation
in R. palustris and that internal ABA concentrations are depressed by entrapped
ethylene.The decrease in ABA takes place well before enhanced elongation
starts suggesting a cause and effect relationship.This notion is supported by
our finding that externally applied ABA can fully inhibit ethylene-induced
elongation. A clear-cut lag phase of approximately 2 h is a feature of
submergence-induced petiole elongation in R. palustris and appears to arise,
in part, from the time taken for internal ABA concentrations to decline.This
conclusion is supported by the observation that the lag phase can be much
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shortened experimentally by decreasing internal ABA with fluridone and can
be lengthened with an exogenous ABA supplement.The critical role for the
decreased ABA in enabling enhanced elongation is further highlighted by the
response of R. acetosa to submergence. Normally, this species does not respond
to submergence with faster petiole extension rates nor does it show any
decrease in ABA during this time. However, artificial reduction of ABA brought
about by a fluridone treatment, permits R. acetosa to respond to submergence
with faster petiole elongation (Fig. 7b). Interestingly this is not induced by
ethylene, but by an unrelated, yet unknown submergence signal (Fig. 7c).

As a decline in ABA on its own does not induce elongation, it is unlikely
that ethylene-induced elongation in R. palustr is is simply a result of an
ethylene-induced decline in ABA levels.The gas clearly also possesses direct
growth promoting activity. Enhanced underwater elongation in R. acetosa,
however, does not involve ethylene but is nevertheless inhibited by the
presence of ABA. This suggests that ABA acts as an inhibitory factor that is
not restricted to ethylene-induced elongation but also affects other sorts of
supernormal growth. This would imply that any stimulus that promotes
enhanced elongation in Rumex requires a decrease in internal levels of ABA
before it can be realised.

E x p e r i m e n t a l  p r o c e d u r e s

G r o w t h  o f  p l a n t s

Seeds of Rumex palustris (Sm.) and Rumex acetosa (L.) were germinated
on black polyethylene beads (Elf Atochem, France), floating on tap water in a
transparent container for 10 d (12 h light, 25°C, 70 µmol m-2 s-1 PPFD, and
12 h dark, 10 °C). Germinated seedlings were transplanted singly into plastic
pots (70 ml) containing a mixture of potting soil and sand (2:1, v:v), enriched
with 0.14 mg MgOCaO per pot. Prior to seedling transfer, each pot was
saturated with 20 ml nutrient solution containing: 7.5 mM (NH4)2SO4; 15.0
mM KH2PO4; 15.0 mM KNO3; 86 µM Fe-EDTA; 4.3 µM MnSO4; 1.8 µM
ZnSO4; 0.32 µM CuSO4; 42 µM H3BO3; 0.53 µM Na2MoO4. All chemicals
were PA grade (Merck). Plants were grown for 19 d on irrigation mats
(Maasmond-Westland) in a growth chamber (20 °C; 70 % relative humidity,
16 h light: 200 µmol m-2 s-1 PPFD).The mats were automatically watered with
tap water to saturation twice a day, and the excess water was drained away. For
some experiments, plants were transplanted to hydroponics and grown
according to Poorter and Remkes (1990). All plants were selected for
homogeneity with respect to the developmental stage of the youngest leaf (the
fifth) prior to the start of experiments.
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A p p l i c a t i o n  o f  c h e m i c a l s

± ABA (Sigma) was dissolved in a few drops of 5M KOH, diluted to
25mM with distilled water and titrated back to pH 7 with HCl. Fluridone
(Sigma) was dissolved in acetone to a concentration of 100mM and diluted
1000-fold with distilled water. Plants were treated once, 72 h before
measurements, with 10 mL 100 µM fluridone or (for controls) or with tap
water containing 0.1% (v/v) acetone applied to the soil. For short-term
treatments with ethylene and 1-MCP (Ethylblock, Floralife, USA), plants were
placed in closed 24 L glass containers, and 1-MCP and ethylene were
administered with an end concentration of 1 µL L-1 for 1 h (1-MCP) or 5 µL
L-1 for 1 - 4 h (ethylene). For longer term treatments of ethylene, up to 24
plants were placed in 500 L flow-through containers in which air containing
5 µL L-1 was flushed at a rate of 30 L min-1. This concentration of ethylene
was observed in submerged R. palustr is plants in previous experiments
(Voesenek et al., 1993).

P l a n t  g r o w t h  m e a s u r e m e n t s

Petiole elongation was measured according to Rijnders et al. (1997). For
measurements of leaf elongation rates, linear displacement transducers
(Schlumberger Industries; type ST 2000) were used according to Voesenek et
al. (2003b). Growth rates were subsequently calculated by fitting lines through
intervals of 10 to 30 min.

M e a s u r e m e n t s  o f  A B A ,  PA  a n d  m e t h y l  e s t e r s

ABA measurements were performed according to Else et al. (1995) with
some modifications. Plant tissue was homogenised in liquid nitrogen and
extracted in 80 % (v/v) methanol containing 20 mg L-1 butylated
hydroxytoluene. Subsequently 6 ng deuterated ABA and/or 20 ng deuterated
PA were added.The methanol fraction was removed under reduced pressure
and the sample passed through a nylon filter (0.25 µM pore size, Alltech) and
loaded on to a C18 column (Varian). After rinsing with water, ABA and PA
were eluted with 60% (v/v) methanol. Methanol was removed under reduced
pressure and the remaining water fraction was extracted three times with ethyl
acetate.The ethyl acetate fraction was then dried, dissolved in 50 µL methanol
and methylated with diazomethane, re-dissolved in ethyl acetate and passed
through an NH2 filter (Varian).ABA in the resulting eluate was measured using
GC-MS according to Whitford and Croker (1991), using masses 193 and 165
for 2H3-ABA and masses 190 and 162 for ABA, Masses 197 and 179 were used
for 2H3-PA and masses 194 and 176 were used for PA.
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Glucose esters of ABA and PA were assayed according to published
methods (Neill et al., 1983; Daeter and Hartung, 1990;Vernieri et al., 1994).
In some cases, samples were split in two halves, with one half placed at pH 12
at room temperature or at 60°C, and ABA-GE measured as the difference in
ABA concentration between the treated and non-treated samples. In other
cases, ABA was extracted from the water fraction with diethyl ether prior to
the C18-column step. The water phase containing ABA-GE was then
hydrolysed at pH 12 and 60°C for 2 h. 2H3-ABA was then re-added as an
internal standard or left out, thereby allowing it to be used as an indicator of
ABA carry-over from the diethyl ether fraction.

I s o l a t i o n  a n d  e x p r e s s i o n  m e a s u r e m e n t s  o f  R p N C E D 1 .

Degenerate primers were designed based on those constructed by Burbidge
et al. (1999), but adjusted by using the consensus sequence from conserved
regions of a wider range of known NCED orthologs taken from a number of
monocots and dicots: forward primer: TTYGAYGGTGAYGGATGGT and
reverse primer: ATTGCRAARTCRTGSATCAT.With these primers, a 550 pb
fragment was amplified by PCR using R. palustris cDNA as a template.This
PCR product was subsequently cloned into pGEM-T (Promega) and
transformed into E. coli. Subsequent sequence analysis of this product (using
the T7 and SP6 fragments present in the pGEM-T vector) showed 70-80%
amino acid homology to known orthologs of NCED and was subsequently
named RpNCED1.

For each sample, RNA of five 3rd petioles was extracted using a modified
method of Kiefer et al. (2000). 50 µl Nucleon Phyto Pure DNA extraction
resin was used and samples were washed with 70% ethanol after each
isopropanol precipitation. DNAse treatment was repeated four times with 7
U DNaseI (Amersham Pharmacia Biotech inc. no. 27-0514-02). The
effectiveness of the treatment was checked by PCR amplification of genomic
specific sequences. 1 µg RNA was used for cDNA synthesis (stratagene cDNA
synthesis kit, no. 200401-5). Real-time RT-PCR was performed on a ABI
Prism (Applied Biosystems), with CYBR green using standard cycle
temperatures. The primers used were: TTCTCCGGCCAGCTCAACT and
CGAACATTTCTTTGGTGACGG. The primer combination showed no
dimerization or non-specific amplification. Relative mRNA values were
calculated using the comparative Ct method described by Livak and
Schmittgen (2001), expressing mRNA values relative to 18S RNA. All
expression levels were presented relative to the value obtained at t=0 h.
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C h a p t e r  3  

ABA inf luences  leaf  grav i t rop i sm

and  ethy lene - induced  hyponast i c  

g rowth  in  R .  pa lus t r i s

Joris J. Benschop, Marjolein Cox, Laurentius A.C.J.Voesenek

A b b r e v i a t i o n s

ABA: abscisic acid; GSA: Gravitropic Set-point Angle.

A b s t r a c t

Rumex palustr is responds to submergence with an upward movement of the youngest
petioles (hyponastic growth). The regulatory role of abscisic acid (ABA) was studied in this
process. Inhibition of ABA biosynthesis significantly shortened the lag phase for hyponastic
growth induced by submergence or ethylene, whereas externally applied ABA was able to inhibit
hyponasty. An artificial depression of the concentration of endogenous ABA induced hyponastic
growth even in the absence of applied ethylene by setting the petiole gravitropic set-point angle
to a more vertical position.



I n t r o d u c t i o n

When plants are submerged, ethylene accumulates because the
surrounding water imposes a barrier to outward gas diffusion that slows the
escape of ethylene, which continues to be synthesised (Voesenek et al., 1993).
In several semi-aquatic species, these high concentrations of ethylene induce
growth rates in shoot organs and petioles that are often many times higher
than those normally found. This adaptive trait has been documented in a
variety of monocot and dicot species (Ridge, 1987; Kende et al., 1998;
Voesenek et al., 2003a). It enables shoot parts to emerge from the water and
function as ‘snorkels’, so that gas exchange between the atmosphere and the
submerged plant tissues can be restored before the plant asphyxiates.

Rumex palustr is is a flooding-tolerant species and a convenient dicot
research model for submergence-induced elongation (Voesenek and Blom,
1989b; Peeters et al., 2002; Voesenek et al., 2003a). Within a few hours of
submergence, this species demonstrates a strong enhancement in growth rate
of the youngest petioles that lasts several days (Voesenek and Blom, 1989b).
An important component of this underwater escape response is hyponastic
curvature, which re-orientates leaves from a near-horizontal to a more upright
position. In shallow water layers this response alone may suffice to reach the
air. A direct relationship exists between enhanced elongation and hyponastic
growth in submerged R. palustris since enhanced underwater elongation can
only take place when a minimal petiole angle is reached (40-50 degrees above
horizontal) while artificially restraining petioles in a horizontal position under
water was found to stop elongation completely (Cox et al., 2004).

The underwater escape response can be induced in R. palustr is by
applying ethylene (5 µL L-1) to non-submerged plants, and can be inhibited
through the application of ethylene action inhibitors such as silver ions and
1-MCP. (Chapter 2, Voesenek et al., 1997, Cox et al, unpublished data).
Submergence-induced elongation is known to depend on a decrease in the
level of endogenous abscisic acid (ABA, Chapter 2), which is brought about
by an accumulation of ethylene trapped inside the submerged tissue. Externally
applied ABA is capable of inhibiting ethylene-induced elongation growth,
whereas treatment with fluridone, an inhibitor of ABA biosynthesis, enhances
the underwater elongation response by shortening the lag phase for elongation
to start.

A decrease in ABA levels precedes both the onset of enhanced elongation
and hyponastic growth (Chapter 2, Cox et al., 2003). This observation, in
combination with the dependency of enhanced elongation on a down-
regulation of ABA, raises the question whether ABA also operates as a negative
regulator for hyponastic growth.We investigated this by measuring whether
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manipulations of the endogenous ABA levels affect submergence-induced
hyponastic growth in a manner similar to enhanced elongation.

Our results indicate that different aspects of hyponastic growth, such as
lag phase and maximum angle reached, are dependent on a depression of the
endogenous ABA titre. Furthermore, artificially depressing the concentration
of endogenous ABA induced hyponastic growth even in the absence of
ethylene.This suggests that the gravitropic set-point angle (GSA), which is the
regulatory mechanism that maintains a plant organ at a specific angle with
respect to the gravity vector (Digby and Firn, 1995) of petioles of air grown
plants is also regulated by ABA.

R e s u l t s

S u b m e r g e n c e - i n d u c e d  h y p o n a s t y  

A typical example of submergence-induced hyponastic growth of the
third oldest petiole of Rumex palustr is (27 d of age) is shown in figure 1a.
After a lag-phase of 2.1 h (± 0.5 h SEM) the angle of submerged petioles
started increasing to a more upright position, reaching a maximum angle of
80 degrees relative to horizontal after 6.4 h (± 0.4 h SEM). During this same
time period, petiole angle of plants in air decreased slightly. Since the response
in control plants was very consistent in all experiments, this treatment was not
repeated in every experiment.The difference in petiole angle of approximately
10 degrees between submerged and air-grown petioles measured immediately
after the onset of submergence (at t=0 h) was caused by buoyancy. Figure 1b

A B A  a n d  h y p o n a s t y  i n  R u m e x  p a l u s t r i s • 4 3

F igure  1 . a : Hyponastic growth of the third oldest petiole of submerged R. palustris plants. Open

circles: air controls; Filled circles: submerged at t=0 h. Arrows indicate lag phase (2.1 h, SE 0.5 h) and

end of hyponastic growth (6.4 h, SE 0.4 h). Means of 4 replicates with standard errors. b : Typical

example of the hyponastic growth response of a plant that was submerged for 6 h (right) compared

to the same plants at the start of submergence (left).
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shows a typical example of a plant just after submergence (left) and this same
plant submerged for 6 h (right).

E x t e r n a l  A B A  i n h i b i t s  h y p o n a s t i c  g r o w t h

To investigate the effect of ABA on submergence-induced hyponastic
growth, plants were submerged in water containing 3 µM or 10 µM ABA.
These concentrations were already known to inhibit submergence-induced
elongation by 60 and 85 percent, respectively (Chapter 2). Figure 2 shows that
hyponastic growth was strongly inhibited by ABA.The application of 3 µM
ABA did not affect the petiole angle until 3.5 h after submergence started and
at least 1.5 h after hyponastic growth began. However, after that time
hyponastic growth was slowed down considerably. The maximum upward
displacement in the presence of ABA, (as opposed to 6 h in non-ABA treated
plants) was reached after 10 h, and the maximum angle reached was also
significantly lower (72 vs. 82 degrees).The application of 10 µM ABA inhibited
hyponastic growth even more strongly. At this concentration, a clear lag phase
for induction of hyponasty could no longer be observed. Instead, the petiole
angle increased slowly until a maximum angle (66 degrees) was reached after
approximately 10 h.

F l u r i d o n e  t r e a t m e n t  e n h a n c e d  p e t i o l e  a n g l e s  a n d

h y p o n a s t i c  g r o w t h

Pretreatment with fluridone, an inhibitor of ABA biosynthesis, reduced
the concentration of ABA in petioles of air grown plants by 20 percent (Fig.
3). Upon submergence, the concentration of ABA decreased strongly in both
control and fluridone treated plants. Treatment with fluridone was shown
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F igure  2 . Effect of applied ABA on hyponastic growth of submerged R. palustris plants. Plants were

submerged at t = 0 h. Open circles: no ABA. Filled circles: 3 µM ABA. Filled triangles: 10 µM ABA.

Means of 3 or 4 replicates with standard errors.
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previously to shorten considerably the lag phase for enhanced elongation
(Chapter 2).This experiment was repeated to measure the effect of fluridone
on hyponastic growth (Fig. 4). The initial observation was of a dramatic
increase in the petiole angle prior to submergence (77.7 ± 2.6 vs. 52.3 ± 3.9
degrees, p<0.05). This initial angle is known to affect the kinetics of
submergence-induced hyponastic growth.Therefore, only plants that have a
comparable angle prior to submergence may be compared (Cox et al., 2003).
To achieve this, plants were tilted in such a way that in all plants the third
petiole obtained an angle of 35 degrees relative to horizontal. At this tilted
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F igure  3 . Concentration of ABA in petioles of R. palustris. Plants were treated with water (open)

or water containing 1 µmol fluridone (filled) for 72 h. Plants then remained in air (left), or were

submerged for 2 h (right). Means of 3 replicates with standard errors.
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F i g u re  4 . Effect of pre-treatment with fluridone (Flu, 1 µmol per plant for 72 h) on hyponastic

growth of submerged (Sub) and air grown R. palustris plants. Plants were tilted at t = 0 h so that the

measured petiole presented a starting angle of 35 degrees, and were immediately submerged. Bars

indicate petiole angles prior to rotation treatment. Open circles: air controls, no fluridone; Filled

circles: submerged at t=0 h, no fluridone. Open triangles: air controls, fluridone pre-treatment; Filled

triangles: submerged at t=0 h, fluridone pre-treatment. Means of 4 replicates with standard errors.
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position, plants were immediately submerged or left in air.All of the air-grown
plants, treated or non-treated with fluridone, responded almost instantly
(within 20 min) to the tilting treatment by re-adjusting their petiole angles
upwards (Fig. 4). For 1.5 to 2 h after tilting, petiole angles increased steadily
(± 9 degrees h-1 for control and ± 15 degrees h-1 for fluridone treated plants)
until a GSA was reached (41 degrees for controls and 61 degrees for fluridone-
treated plants). After this position was reached hyponastic growth stopped
abruptly and petioles remained at these new angles.The newly obtained GSAs
were 12 to 15 degrees lower than the original angle found in these plants
before tilting.

In submerged plants, the fluridone treatment significantly shortened the
lag phase for hyponastic growth (30 min vs. 1.5 h in non-treated plants,
p<0.01).Also, the rate of increase in angle was faster in fluridone-treated plants
(± 13 degrees h-1 for control and ± 21 degrees h-1 for fluridone-treated plants)
and the maximum angle achieved (80 degrees for controls and 83 degrees for
fluridone treated plants) was reached significantly earlier in submerged plants
that were given fluridone (Fig. 4).

F l u r i d o n e  a f f e c t s  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h

Submerged plants that were pre-treated with fluridone showed a faster
rate of hyponastic growth than did submerged plants that were not given
fluridone.They also reached the maximum angle earlier which suggests that
fluridone accelerates hyponastic growth. But it could be argued that the more
rapid increase in angle observed in submerged plants that were pre-treated
with fluridone is largely independent of ethylene but rather a result of the
tilting treatment and of the subsequent attempts by the petioles to return to
their already established GSA. As the GSA is positioned higher in fluridone-
treated plants (Fig. 4), a stronger growth is expected in these tilted plants.To
clarify this point the experiment was repeated with plants that were given
fluridone for a shorter period of time (63 h instead of 72 h). During this
shorter treatment period fluridone was unable to induce hyponastic growth
in air and we were able to select plants with an initial petiole angle of
approximately 40 degrees. Furthermore, these plants were treated with ethylene
(5 µL L-1) instead of being submerged. In this experimental setup, no tilting
was necessary and the buoyancy effect on angles was avoided.The outcome
was a clearer effect of fluridone on ethylene-mediated hyponasty, using
ethylene as a proxy for submergence (Fig. 5). In fluridone-treated plants the
lag phase for hyponastic growth was reduced (30 min vs. 2 h). Furthermore,
these plants reached a higher maximum angle (89 degrees vs. 70 degrees).The
observed rate of increase in petiole angle was, however, not faster (20 degrees
h-1 vs. 18 degrees h-1). So, although fluridone-treated plants reached a
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maximum angle sooner than control plants (2.5 h vs. 4 h), this is almost entirely
due to a reduction in lag phase and not a result from a faster growth rate of
the tissue. It is interesting to note that, in some fluridone treated plants that
were given ethylene, petioles were found to bend upwards to such a large
extent that a vertical position was surpassed and a maximum angle of more
than 90 degrees relative to the original horizontal plane was obtained (data
not shown).

D i s c u s s i o n

We show that submergence-induced hyponastic growth can be
manipulated through modifications of internal levels of ABA. This is in
agreement with results from Dwyer et al., (1995) who found that ABA
promoted epinastic (downward bending) growth in Pittosporum eugenioides.
In R. palustr is, externally applied ABA reduced the maximum leaf angle
induced by submergence (i.e. prevented an upright stance), and the time to
reach this maximum was extended.

The inhibitory effect of ABA on hyponastic growth (Fig. 2) closely
resembled the inhibitory effect of ABA that was shown previously for petiole
elongation (Chapter 2). Since 3 µM ABA did not show an effect during the first
3.5 h of submergence, the initial enhancement of submergence-induced
hyponasty (after 2 h) was impervious to 3 µM ABA. In contrast, a stronger
solution of ABA (10 µM) did inhibit the onset of hyponastic growth.Thus, it is
possible that 3 µM ABA penetrated the submerged tissue only slowly and failed
to reach an inhibitory internal concentration until 3.5 h after submergence.
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F i g u re  5 . Effect of pre-treatment with fluridone (Flu, 1 µmol per plant for 63 h) on hyponastic

growth of plants treated with air (open symbols) or 5 µL L-1 ethylene (filled symbols) at t = 0 h. Circles:

no fluridone. Triangles: pre-treated with fluridone. Means of 4 replicates with standard errors.
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Pre-treatment with fluridone reduced internal ABA levels (Fig. 3) and
shortened the lag phase for enhanced petiole elongation (Chapter 2). This
fluridone treatment was equally effective in reducing the lag phase for
hyponastic growth induced by submergence or ethylene treatment (Fig. 4 and
5).This strengthens the suggestion made in Chapter 2 that the lag phase can
-at least partially- be explained by a blockage on hyponastic growth by ABA
that is terminated when tissue concentrations decline below some critical
concentration. Since fluridone treated plants already have lower levels of ABA
prior to submergence or ethylene treatment, the lag phase for hyponasty and
elongation growth is thus shortened substantially in these plants.

An unexpected effect of the fluridone treatment was the observed
upward re-orientation of leaves in the air prior to submergence (Fig. 4).This
treatment alone was sufficient to induce a leaf angle of 70 to 80 degrees.
Experiments by Cox et al. (2003) showed that the initial leaf angle was an
important factor for the kinetics of hyponastic growth. However, tilting of
plants prior to submergence to re-position the leaf to a lower angle (e.g. 40
degrees relative to horizontal) was shown by these authors to permit a
submergence-induced hyponastic response similar to plants with an intrinsic
low angle without the requirement of a tilting adjustment.This result would
justify the tilting of plants prior to a submergence treatment to normalise the
initial leaf angles across the population of experimental plants. However, the
results shown here indicate that the tilting procedure was not without
consequences and that the kinetics of submergence-induced hyponastic growth
in tilted plants shown by Cox et al (2003) may be partially confounded by
interfering influence of the tilting procedure.

The observed upwards adjustment in angle observed in air-grown plants
upon tilting shows that the leaves orientate in response to the direction of
gravity rather than as a reaction to the angle of the plants main axis. Such a
response is explained by a regulatory mechanism that maintains a plant organ
at a specific angle with respect to the gravity vector. Such a GSA was originally
proposed by Digby and Firn (1995) to describe internode orientation of the
hanging plants Oplismenus hirtellus and Tradescantia fluminensis.This regulatory
mechanism is seemingly very sensitive and responsive to changes in leaf
orientation, and induces differential growth of the petiole to return the leaf
to its GSA.

The GSA is also known to be regulated by phytochrome and
photosynthesis (Digby and Firn, 2002). In Tradescantia, white light reduced
internode angles, while the photosynthetic inhibitors DCMU and norflurazon
were able to return internode angles to a more vertical stance in light-grown
plants. Fluridone and norflurazone are both inhibitors of carotenoid
biosynthesis at the level of phytoene desaturase. Both substances reduce the
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endogenous concentration of ABA, but also induce some chlorophyll
degradation as the concentration of photoprotective carotenoids is reduced
(Sandmann and Boger, 1989; Niyogi, 1999). Some bleaching was indeed
observed in fluridone-treated R. palustris, while ABA levels were quite likely
decreased in norflurazon-treated Tradescantia.

In contrast to Tradescantia, R. palustr is does not respond to shading or
darkness with a rapid increase in petiole angle (R. Pierik, pers. comm), which
indicates that the observed effect of fluridone in R. palustr is is mediated via
ABA rather than decreased photosynthetic capacity. Still, the pleiotropic effects
of fluridone and norflurazon make it difficult to relate the observations in R.
palustr is or in Tradescantia to either ABA or photosynthesis.The application
of external ABA to fluridone-treated plants (to ‘rescue’ the effect of fluridone
on the ABA concentration) is unable to make such a distinction, unless that
treatment returns the endogenous concentration of ABA to exactly that of
non-fluridone-treated plants. If the applied concentration is higher, the ‘extra’
ABA would also be inhibitory to photosynthesis-related changes in the GSA.
As ABA is distributed dynamically over the different cellular compartments
(Hellwege and Hartung, 1997) and the location of the ABA receptor is not
defined, this control experiment is not easily conducted.

C o n c l u s i o n s

Our results suggest that, in R. palustr is, the GSA depends on internal
levels of ABA. Submergence and applied ethylene induce a reduction in the
concentration of endogenous ABA (Chapter 2, Fig. 3).When the endogenous
ABA concentration is artificially reduced (using fluridone for 72 h), the GSA
in the petioles of these plants shifts to a more vertical position in the absence
of applied ethylene (Fig. 4).This implies that submergence-induced hyponastic
growth could be -at least partially- the indirect result of ethylene-induced
reduction in ABA levels, which in turn repositions the leaf GSA to a more
vertical stance.When fluridone was applied for a shorter period of time (63
h), the concentration of endogenous ABA may still have been high enough to
inhibit hyponastic growth. Under these conditions, ethylene treatment would
be required to reduce ABA further, thus enabling hyponastic growth.

E x p e r i m e n t a l  p r o c e d u r e s

P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s

Rumex palustr is (Sm.) plants were grown as described in chapter 2. In
all experiments, the third oldest petiole of 27-d-old plants was studied. It was
shown that at this developmental stage, the third oldest petiole exhibits clear
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hyponastic growth (Cox et al., 2003). Plants were selected for similarity in the
length and initial angle of the third petiole.

T i m e  l a p s e  p h o t o g r a p h y  a n d  i m a g e  a n a l y s i s

The angle of the third oldest petiole of intact R. palustr is plants was
measured using digital time lapse photography and image analysis software
according to Cox et al. (2003).To make continuous photography possible, the
experiments were made in continuous light.

S u b m e r g e n c e  t r e a t m e n t

The day before the experiment, plants were placed in the camera system
to acclimatize. Plants were placed singly in open glass cuvettes (18.5 x 24.5 x
25.5 cm) in the camera system with the third petiole perpendicular to the axis
of the camera lens.To facilitate measurement, the top layer of soil and part of
the front of the pot were removed to uncover the petiole base.The cotyledons
were also removed if they were obscuring the petiole base. Additionally, the
third petiole was marked along its length with drawing ink with four evenly
spaced marks. A calibration object with known dimensions was placed in the
soil in the same plane as the third petiole.These preparations did not influence
the response of the third petiole to submergence (data not shown). All
experiments started between 08.00 h and 10.00 h when the plants were 27 d
of age. To submerge plants, tap water (20 ºC) was gently pumped into the
cuvette to a depth of 20 cm above the soil surface. Control plants were placed
on a moist irrigation mat in the cuvette, and were not submerged.

M e a s u r e m e n t  o f  e n d o g e n o u s  A B A  c o n c e n t r a t i o n

ABA in petioles was determined according to chapter 2.

E t h y l e n e  t r e a t m e n t

Flow-through cuvettes (13.5 x 16.0 x 29.0 cm) were used for the
ethylene treatment. Ethylene (100 µL L-1; Hoek Loos BV,The Netherlands)
and air (70 % relative humidity) were mixed using flow meters (Brooks
Instruments BV, The Netherlands) to generate a concentration of 5 µL L-1

ethylene in each cuvette. The mixture was flushed through the individual
cuvettes at 75 L h-1 and then vented to the outside of the building. A
concentration of 5 µL L-1 ethylene was attained in the cuvettes after 5-10 min.
of starting the treatment and remained constant for the duration of the
experiment. Control cuvettes were flushed with air (70 % relative humidity)
at the same flow rate. Plants were prepared and marked as described above,
and placed in the cuvettes the day before the experiment to acclimatize.

5 0 • C h a p t e r  3



Ethylene treatment started between 08.00 h and 10.00 h when the plants were
27-d-old.

A B A  a n d  f l u r i d o n e  t r e a t m e n t

ABA (Sigma, Haarlem,The Netherlands) was dissolved in 96% ethanol
to a final concentration of 25mM and diluted with tap water to 3 µM or 10
µM. The pH of the submergence solutions was set to 7.5-8.0 using HCl.
Fluridone (Duchefa, Zwijndrecht,The Netherlands) was dissolved in acetone
to a concentration of 0.1 M, and diluted in tap water to give a pre-treatment
solution containing 10-4 M fluridone. Plants were pre-treated once, 63 or 72
h before the start of the experiment, by administering 10 ml (1 µmol per plant)
of this pre-treatment solution to the soil. Control plants were pre-treated in a
similar fashion with a solution of tap water containing 0.1 % acetone.
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e longat ion  in  R .  pa lus t r i s requ i res

ABA-dependent  b iosynthes i s  o f  GA 1

Joris J. Benschop, Jordi Bou i Torrent, Anton J.M. Peeters, Niels Wagemaker,
Kerstin Guhl, Peter Hedden1,Thomas Moritz2, Laurentius A.C.J.Voesenek.

1 Rothamsted Research, Harpenden, Hertfordshire, AL5 2JQ, United Kingdom
2 Department of Forest Genetics and Plant Physiology, Swedish University of Agricultural 

Sciences, SE-901 83 UmeÂ, Sweden

A b b r e v i a t i o n s

ABA: abscisic acid; GA: gibberellic acid; GA20ox: GA 20-oxidase; GA3ox: GA 3ß-hydroxylase;

GA20ox: GA 2-oxidase

A b s t r a c t

R. palustris responds to complete submergence with enhanced elongation of its youngest
petioles.This process is regulated by an increase in levels of endogenous gibberellin-A1 (GA1).
We examined how GA biosynthesis was regulated in submerged plants.Therefore, orthologues
of GA 20-oxidase, GA 3-oxidase and GA 2-oxidase from R. palustris were cloned. Expression
of these genes was compared to concentration changes of bioactive and inactive GAs in
submerged and air-grown petiole tissue.The submergence-induced elongation response could
be separated in distinct GA-independent and GA-dependent phases. Submergence induced an
increase of GA1, resulting from enhanced expression of RpGA3ox1. Externally applied abscisic
acid (ABA) inhibited the submergence-induced increase in GA1 by repressing the expression
of RpGA20ox and RpGA3ox. In contrast, ABA did not inhibit sensitivity to GA.



I n t r o d u c t i o n

In several semi-aquatic species, such as Callitr iche platycarpa, Rumex
palustris and deepwater rice, ethylene promotes shoot extension to rates many
times faster than normal (Musgrave et al., 1972; Kende et al., 1998;Voesenek
et al., 2003a). In these plants, ethylene is a signal for submergence as it
accumulates to high levels inside the submerged tissue (Voesenek et al., 1993).
The enhanced elongation response in these species functions as part of an
underwater escape mechanism that enables submerged shoot parts to emerge
from the water and function as ‘snorkels’, thus restoring gas exchange between
the atmosphere and the submerged plant tissues (Voesenek et al., 2004).

Rumex palustr is responds to submergence with a strong enhancement
in petiole elongation by the youngest petioles that lasts several days (Voesenek
and Blom, 1989b). This process is predominantly driven by cell elongation;
cell division is not important (Voesenek et al., 1990; Groeneveld and Voesenek,
2003). In contrast, elongation growth of the leaf blade is very restricted (Banga
et al., 1996).The entire response can be mimicked by supplying ethylene (5
µL L-1) to air grown plants (Voesenek et al., 1990).The response depends on
an ethylene-induced reduction in the endogenous level of abscisic acid (ABA,
chapter 2). ABA operates as an repressor for enhanced growth and hyponastic
growth in this species, and ethylene acts by removing this restriction.
Furthermore, ethylene causes an increase in the concentration of the growth-
promoting hormone gibberellins (GA, Rijnders et al., 1997). Application of
GA to air-grown R. palustris plants induces enhanced elongation, whereas the
removal of GA, by inhibiting its biosynthesis, partially inhibits enhanced
underwater elongation (Rijnders et al., 1997).

Gibberellins play a role in a wide range of plant growth and
developmental processes such as seed germination, stem elongation, leaf
expansion, flower and fruit development, and tuberization (Hooley, 1994;
Swain and Olszewski, 1996; Lange, 1998; Martinez-Garcia et al., 2001). In the
past few years Arabidopsis cDNAs have been cloned for many steps of the GA
biosynthetic pathway and orthologues have been identified in a number of
different species (reviewed in Hedden and Phillips, 2000). The first steps of
GA biosynthesis are encoded by diterpenoid cyclases which convert
geranylgeranyl pyrophosphate into ent-kaurene, the first specific precursor of
GA.Then a series of oxidative reactions yield GA12, and the subsequent 13-
hydroxylation yields GA53. GA12 and GA53 are substrates for the final stages of
GA biosynthesis.They are converted via three consecutive steps to respectively
GA9 and GA20 by GA 20-oxidase (GA20ox).The bioactive GA4 and GA1 are
subsequently formed by GA 3ß-hydroxylase (GA3ox). Finally, deactivation to
GA34 and GA8 is catalysed by the action of GA 2-oxidase (GA2ox) (Hedden
and Phillips, 2000).

5 4 • C h a p t e r  4



GA20ox, GA3ox and GA2ox catalyze regulatory steps in GA biosynthesis
(Coles et al., 1999; Hedden and Phillips, 2000), and expression of these genes
is regulated by phytochrome and auxin (Kamiya and Garcia-Martinez, 1999;
Ross et al., 2000). Increased biosynthesis of GA1 upon submergence is thought
to be an essential element of the submergence-induced elongation response
in internodes of deepwater rice and petioles of R. palustr is (Hoffmann-
Benning and Kende, 1992; Rijnders et al., 1997). However, the mechanisms
by which GA biosynthesis is affected during submergence are unknown in
either species.

Submergence or ethylene are also known to increase sensitivity to GA
in Callitriche platycarpa, R. palustris and deepwater rice (Musgrave et al., 1972;
Hoffmann-Benning and Kende, 1992; Rijnders et al., 1997). Experiments in
deepwater rice indicate that sensitivity to GA is regulated by ABA.The decline
in ABA levels that is observed upon submergence is thought to enhance GA
sensitivity which in turn induces elongation (Hoffmann-Benning and Kende,
1992).The observed increase in sensitivity to GA in R. palustris (Rijnders et
al., 1997) suggests a similar interaction between GA and ABA in this species.

We investigated how GA1 biosynthesis is regulated in petioles of R.
palustris during submergence. For this work, orthologues for GA20ox, GA3ox
and GA2ox were cloned in this species. Subsequently mRNA expression of
these genes was measured in detail during 24 h of submergence and was
compared to concentration changes of bioactive and inactive GAs and to a
detailed analysis of elongation growth.The results show that the underwater
elongation response could be separated in distinct GA-independent and GA-
dependent phases. Submergence induced an up-regulation of GA1 which
resulted from enhanced expression of RpGA3ox1. ABA inhibited the
submergence-induced increase in GA1 by inhibiting expression of
RpGA20ox1 and RpGA3ox1. In contrast, ABA did not affect GA sensitivity.

R e s u l t s

S u b m e r g e n c e - i n d u c e d  e l o n g a t i o n

Upon submergence of R. palustr is, leaf elongation rates increased
strongly, after a lag phase of 2 h (Fig. 1), to a rate almost 4 times that of control
plants (after 4 h of submergence). After this point, growth decreased slightly,
but increased again after 8 h, after which the elongation rate remained 2 to
3-fold faster than air-grown plants for at least 22 h. Separate measurements
showed that, after 2 d of submergence, petiole length increased almost 3-fold
(Fig. 1 insert), whereas leaf blades grew only by 30%, indicating that the main
submergence-induced elongation response in rosettes of R. palustris resides in
the petiole.
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A n a l y s i s  o f  G A  c o n c e n t r a t i o n s

To examine whether the enhanced elongation in petioles resulted from
enhanced GA biosynthesis, the levels of bioactive GA1, as well as its precursors
(GA53, GA19 and GA20) and first catabolite, (GA8), were measured.The level
of GA53 was increased during submergence after a lag phase of 2 h (Fig. 2a).
Changes in GA19 and GA20 concentration followed a similar pattern: an
increase in GA19 was observed after 4 to 6 h, followed by an increase in GA20

after 8 h (Fig. 2b,c).The concentration of the bioactive GA1 increased twofold
in submerged petiole tissue after only 4 h (Fig. 2d). After this point the
concentration remained above that in air grown plants during the remainder
of the treatment period. GA8, the first catabolite of GA1, was present at a
relatively high concentration (Fig. 2e). Apart from a transient increase in
submerged plants between 4 and 8 h of treatment, GA8 decreased gradually
in both submerged and air-grown tissue during the treatment period.

R e g u l a t i o n  o f  G A  b i o s y n t h e s i s

To determine if the submergence-induced changes in GA concentration
resulted from enhanced expression of GA biosynthetic genes, orthologues from
GA20ox, GA3ox and GA2ox were cloned from R. palustr is and their
expression levels were analysed by means of real-time-RT-PCR in submerged
and air-grown plants.To isolate cDNA clones, PCR was performed on a cDNA
library from R. palustr is shoots submerged for 24 h, using degenerated
oligonucleotides based on conserved domains of orthologues from Arabidopsis.
Further extension yielded full length cDNAs. We named these genes
RpGA20ox1, RpGA3ox1, and RpGA2ox1, respectively.Their putative amino
acid sequences contained all conserved residues in the active site, necessary
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F igure  1 . Leaf elongation rate of R. palustris growing in air (open) or submerged at t = 0 (filled).

Means of 3 replicates with standard errors. Black bars at the X-axis represent dark periods. Insert:

relative growth of petioles and leaf blades after 48 h in air (open) or submergence (black). Means of

12 replicates with standard errors.
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F i g u re  2 . Concentrations of GA53, GA19, GA20, GA1 and GA8 in petioles of R. palustris during

submergence. Open symbols: Controls in air. Filled symbols: submerged at t = 0 h. Means of 4

replicates with standard errors.
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for the binding of Fe2+ and the cofactor 2-oxoglutarate conserved in all 2-
oxoacid-dependent dioxygenase (2-ODD) proteins (Fig. 3a, Prescott and John,
1996;Valegard et al., 1998; Hedden and Phillips, 2000).The three clones were
each closely related to corresponding dicot GA oxidases, as shown in a
phylogenetic tree (Fig. 3b).

mRNA expression analysis showed that submergence treatment induced
distinct alterations of gene expression levels of the three GA metabolism genes.
Expression of RpGA20ox1, which catalyses the consecutive conversions from
GA53 via GA44 and GA19 to GA20, decreased upon submergence (Fig. 4a).After
4 h of submergence RpGA20ox1 expression increased again gradually to levels
equal to or above those found in air-grown plants. Expression of RpGA3ox1,
which catalyses the conversion of GA20 to GA1 increased rapidly inside the
submerged tissue. After a lag phase of about 1 h, RpGA3ox1 transcript
abundance peaked to a level 4-fold higher than that of air grown plants (Fig.
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F i g u re  3 . a : R. palustris 20-oxidase, 3-oxidase and 2-oxidase amino acid sequences of the active

site core. Essential amino acids for the binding of Fe2+ ions or for the binding of the 5-carboxylate

of the co-substrate 2-oxoglutarate are shaded in light gray and dark gray, respectively. b : Cluster

analysis of gibberellin 20, 3 and 2 oxidases from R. palustris (bold), Arabidopsis thaliana and Oryza

sativa . The amino acid sequences were aligned using MegAlign program of the DNAstar package,

using the ClustalW method. The unrooted tree was generated using the Protdist and Neighbour

programs of the PHYLIP Package, and visualized with the TreeView program.

Rp20ox1 GTGPHCDPTSLTILHQDHVNGLQVFVDGE-WRFIYP

Rp3ox1  GLAAHTDSTLLTILYQNNTTGLQVHRDGLGWVMVPP

Rp2ox1 GFGEHTDPQIISVLRSNNTSGLEISLRDGSWVSVPP

RFDTFVVNIGDTFMALSNGKYKSCLHRAVVNDTSPRKSLAF-F  316

VPGALVVNIGDLLHILSNGLYPSVLHRAVVNRTHHRLSVAYLF  303

DQTSFFINVGDSLQVMTNSKFKSVRHRVLANSYKSRVSMIY-F  245
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4b). Expression of RpGA2ox1, which catabolises GA1 to the inactive GA8 also
increased in submerged plants. However, after 4-6 h of submergence,
RpGA2ox1 expression decreased to levels below those in air-grown plants
(Fig. 4c).

M a n i p u l a t i o n  o f  i n  v i v o G A  a n d  A B A  c o n c e n t r a t i o n s

Submergence induced an enhancement of petiole elongation after a lag
time of 2 h (Fig. 1), but no up-regulation of the bioactive GA1 could be
observed until at least 4 h of submergence (Fig. 2).Therefore, the increase in
growth rate during the initial hours of submergence could not by explained
by increased GA1. Still, the enhanced growth that took place during these
hours could still be mediated by GA, as GA sensitivity was shown previously
to increase upon submergence (Rijnders et al., 1997). To determine if
sensitivity to GA was affected during the first hours of submergence, the
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F i g u re  4 . Relative expression of RpGA20ox1 , RpGA3ox1 , and RpGA2ox1 mRNA in petioles of R.

palustris during submergence measured with real-time-RT-PCR. Open symbols: Controls in air. Filled

symbols: submerged at t = 0. Expression of mRNA was quantified relative to the value obtained at 

t = 0. Means of 4 replicates with standard errors.
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F igure  5 . Effect of paclobutrazol (Paclo), GA3 and ABA on submergence-induced leaf elongation in

R. palustris measured using linear displacement transducers. Paclobutrazol was administered 96 h

prior to submergence. Plants were submerged at t = 0 h. a : Plants were submerged in water (filled

circles) or in water containing 1 µM GA (open circles), 10 µM GA (filled triangles) or 100 µM GA (open

triangles). Average standard error was 0.06 mm h-1 (4 replicates). b : Plants were submerged in water

after pretreatment with 10mL 0.1% ethanol (filled circles), or 10mL 1µM (open circles), 10 µM (filled

triangles) or 100 µM (open triangles) paclobutrazol. Average standard errors was 0.06 mm h-1 (4

replicates). c : Plants remained in air (open circles) or were submerged (Sub) in water (filled circles)

or in water containing 0.3 µM ABA (open triangles) or 3 µM ABA (filled triangles). Average standard

error was 0.05 mm h-1 (6 replicates).

E
lo

ng
at

io
n 

ra
te

 (
m

m
 h

   
)

E
lo

ng
at

io
n 

ra
te

 (
m

m
 h

   
)

-1

 
 

-4 0 4 8 12 16
0.0

0.5

1.0

1.5

0.5

1.0

1.5

2.0

 H 2O

 1 µM Paclo

 10 µM Paclo

 100 µM Paclo

 

Time before or after start of submergence (h)

 

 H 2O

 1 µM GA3
 10 µM GA3
 100 µM GA3

a

b

-2 0 2 4 6
0.0

0.4

0.8

1.2
 Air

 Sub

 Sub + 0.3 µM ABA

 Sub + 3 µM ABA

E
lo

ng
at

io
n 

ra
te

 (
m

m
 h

   
)

Time before or after treatment (h)

-1
-1



kinetics of the underwater elongation response was determined in plants
treated with external GA3, or pre-treated with paclobutrazol, an inhibitor of
GA biosynthesis.

Underwater elongation was not affected by GA treatment during the
initial growth phase (2-4 h, Fig. 5a). However, the temporary slowing of growth
rate that was observed in non GA-treated plants during the period of 4-10 h
of submergence was removed by external GA. After 12 h of submergence the
growth rate of GA-treated plants was only slightly higher than or equal to the
rate found in non-treated plants.

Pre-treating plants with paclobutrazol showed that the initial growth
phase (2 - 6 h after submergence) was almost unaffected by this treatment (Fig.
5b). Only a very high dose (100 µM) of paclobutrazol was able to reduce
growth during this period. However, this concentration was likely to have
been toxic, as the growth rate of these leaves was also inhibited before plants
were submerged (Fig. 5b t<0), and separate experiments showed that the
inhibitory effect on growth could not be fully rescued by external GA in these
plants (data not shown). During the second period of fast elongation (8-18
h), growth was significantly inhibited even at low concentrations of
paclobutrazol.Although some underwater elongation still remained, the growth
rates were only marginally faster than those measured just before the start of
submergence (Fig. 5b).Taken together, these results show that the enhanced
elongation response consist of an initial, GA-independent phase, followed by
a second phase of GA-dependent growth.

Although GA did not influence enhanced elongation during the first
few hours after submergence, growth in this period was inhibited by ABA
(Fig. 5c). Application of 3 µM ABA to submerged plants reduced enhanced
elongation by more than 50 percent.

I n t e r a c t i o n  b e t w e e n  G A  a n d  A B A

Interactions between ABA and GA during submergence-induced
elongation were investigated by submerging plants in solutions containing a
matrix of concentrations of GA and ABA, and determining the effect on
petiole growth after 2 d of treatment. ABA inhibited growth more effectively
in the absence than in the presence of GA, indicating that external GA could
overcome the inhibitory effect of ABA (Fig. 6a). In agreement with this, a
statistical interaction effect between GA and ABA was determined (ANOVA,
p<0.05). However, in the presence of a very high dose of external GA (100
µM), the application of ABA still resulted in a significant inhibition of growth,
suggesting that ABA also acted independently of GA.

To resolve whether the observed interaction effect between the two
hormones was due to an effect of ABA on GA sensitivity or on GA
biosynthesis, the previous experiment was repeated with plants pre-treated
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with paclobutrazol (Fig. 6b). In these plants GA biosynthesis should be strongly
reduced and an effect of ABA on GA biosynthesis should therefore be absent.
In this experimental setup no interaction between ABA and GA could be
measured (ANOVA, p>0.5); ABA had the same inhibitory effect on growth
in the absence or presence of GA.This indicates that, when a possible effect
of ABA on GA biosynthesis is artificially ruled out (by means of paclobutrazol),
the two hormones act independently on growth.

R e g u l a t i o n  o f  G A  b i o s y n t h e s i s  b y  A B A

The observation that an interaction between ABA and GA is only
observed when GA biosynthesis is not inhibited suggests that ABA affects GA
biosynthesis rather than GA sensitivity.To confirm this, plants were submerged
in the presence or absence of ABA, and the GA content of the petioles was
determined after 3 and 8 h. ABA did not affect the concentrations of GA53,
GA19, GA20 or GA8 in petioles (Fig. 7). In contrast, the increase in levels of
bioactive GA1, which was observed in plants submerged without ABA, was
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F i g u re  6 . Effect of different concentrations of GA (0-100 µM) and ABA (0 or 10 µM) on petiole

elongation in submerged R. palustris . Treatments lasted 48 h. The length of the second youngest

petiole was measured before and after treatment and the increase in length was calculated as the

difference. a : without paclobutrazol pre-treatment. b : after pre-treatment with 10mL 100 µM

paclobutrazol, 96 h prior to submergence. Means of 12 replicates with standard errors. 
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F igure  7 . Concentrations of GA53, GA19, GA20, GA1 and GA8 in petioles during submergence. Open

symbols: controls in air. Filled symbols: submerged (Sub) at t = 0 h. Gray symbols: submerged at t = 0

h in the presence of 10 µM ABA. Means of 4 replicates with standard errors.
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completely absent when ABA was present in the submergence solution.This
suggests ABA inhibits enhanced GA biosynthesis at the position of GA3ox.To
confirm this hypothesis, the effect of ABA on expression of RpGA20ox1,
RpGA3ox1 and RpGA2ox1 was determined. Figure 8 shows that submergence
induced an up-regulation of RpGA3ox1 expression in petioles, confirming
the data from figure 2 in an independent experiment. However, when plants
were submerged in the presence of ABA, the increase in RpGA3ox1 expression
was no longer present. In addition to this, ABA also inhibited expression of
RpGA20ox1 in submerged petioles, while expression of RpGA2ox1 was not
affected.

D i s c u s s i o n

We present here a detailed analysis of regulation of GA1 biosynthesis in
petioles of R. palustris during the first 24 h of submergence.The submergence
treatment induced changes in gene expression of a number of different GA
biosynthesis genes, and these were reflected in modified levels of endogenous
GAs, ultimately leading to a twofold increase in bioactive GA1.This increase
in GA1 correlated with the onset of a GA-dependent growth phase, and was
dependent of a down-regulation of ABA inside the submerged tissue.

S u b m e r g e n c e  a f f e c t s  m u l t i p l e  s t e p s  i n  G A  b i o s y n t h e s i s .

Apart from the increase in GA1, submergence induced an increase in
GA53.This indicates that one or more early steps in GA biosynthesis are up-
regulated in submerged plants. The most likely candidate is ent-copalyl
diphosphate synthase (CPS), which catalyses the first committed step of GA
biosynthesis and is thought to be rate limiting for ent-kaurene synthesis (Smith
et al., 1998; Fleet et al., 2003). In Arabidopsis, CPS promotor activity was
shown to be highest in rapidly growing tissue (Silverstone et al., 1997).
Overproduction of CPS enhanced GA12 and GA53, while later metabolites,
which rely on the presence of GA20ox activity, were affected to a much lesser
extent (Fleet et al., 2003). The initial lack of increase in GA20 and GA19

coincides with the observed down-regulation of RpGA20ox1 (Fig. 2, Fig. 4).
This decrease in expression is unexpected as it seems to be counteracting the
increase in RpGA3ox1 expression, but is in agreement with observations in
lettuce seeds (Toyomasu et al., 1998). In that model system, red light treatment
also enhanced LsGA3ox while expression of LsGA20ox2 was inhibited.

In our experiments, a sharp increase in RpGA3ox1 expression was
observed in petioles within 2 h of submergence, indicating an enhancement
of GA1 biosynthesis capacity (Fig. 4 and 8). After 4 h of submergence, levels
of GA1 increased, although the level of GA20 was still no different from that

6 4 • C h a p t e r  4



in air-grown plants (Fig. 2 and 7).This indicates a shift in the balance of GA20

towards GA1 which is consistent with the observed increase in RpGA3ox1.
The transient up-regulation of RpGA2ox1 in submerged plants also

seems to counteract the increase in GA1 biosynthesis. Expression of GA2ox is
known to be up-regulated by GA in bean and pea (Thomas et al., 1999; Elliott
et al., 2001). This mechanism, however, is unlikely to be applicable to our
observations, as RpGA2ox1 increases prior to any observable increase in GA1.
In contrast to RpGA3ox1, expression of RpGA2ox1 decreased to levels below
those found in air-grown controls after 4-6 h of submergence, and coincided
with the increase of GA1 inside the submerged tissue.Thus, an increase in GA
biosynthesis and a decrease in catabolic capacity may be equally important in
regulating GA1 in R. palustris petioles during submergence.

G A  i s  i m p o r t a n t  f o r  l o n g - t e r m  e l o n g a t i o n  b u t  d o e s  n o t

i n f l u e n c e  i n i t i a l  u n d e r w a t e r  g r o w t h

The observation that submergence-induced elongation precedes an up-
regulation of GA1 (Fig. 1 vs. Fig. 2) indicated that elongation growth during
this phase was not dependent on enhanced GA. This was confirmed by the
observation that paclobutrazol and external GA were unable to alter elongation
growth during this period (Fig. 5ab). In contrast, elongation growth during
this period was inhibited by ABA (Fig. 5c). Previous work (Chapter 2) showed
that ABA is a crucial negative regulator of underwater extension growth, and
ethylene acts by decreasing the internal concentration of ABA.

The pharmacological treatments showed that submergence-induced
elongation in R. palustris can be separated into three distinct phases.The first
phase starts 2 h after submergence and is characterized by a rapid increase in
elongation rate. This initial burst in growth is not dependent on GA as it
remains unaffected by manipulations of GA concentration.The second growth
phase lies between 5 h and 15 h of submergence. Here elongation is limited
by GA and can be directly manipulated by changing the GA content (Fig. 5).
A third phase, from 15 h onwards, is dependent on, but not limited by GA
signalling. In this phase the GA concentration and GA sensitivity are saturated,
since adding extra GA does not further enhance elongation. Removing GA
during this phase does, however, inhibit elongation severely, indicating a
continued dependency on GA.

A B A  a f f e c t s  G A  b i o s y n t h e s i s  r a t h e r  t h a n  G A  s e n s i t i v i t y

The ability of GA to partially overcome the inhibitory effect of applied
ABA in submerged plants (Fig. 6) indicates an interaction between these two
hormones. However, such a result does not distinguish between an effect of
ABA on GA sensitivity or on GA biosynthesis. The concentration of GA
perceived by the plant is a sum of GA biosynthesis and externally applied GA.
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When external GA is absent, growth is fully dependent on GA biosynthesis.
In contrast, when externally applied GA is present at such a high concentration
that the GA signalling pathway is fully saturated, the absence or presence of
GA biosynthesis is unimportant for growth. Thus, if ABA inhibits GA
biosynthesis, this inhibitory effect of ABA on extension growth is expected to
be stronger at low levels of external GA, which is what was observed in this
experiment (Fig. 6a). By pre-treating with paclobutrazol, GA biosynthesis
should be inhibited, and a possible inhibitory effect of ABA on GA biosynthesis
ought to be absent. In such an experimental setup, the perceived GA
concentration is only dependent on externally applied GA, and an interaction
between ABA and GA should therefore result only from an effect of ABA on
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F igure  8 . Relative expression of RpGA20ox1, RpGA3ox1, and RpGA2ox1 mRNA in petioles during

submergence in the presence or absence of 10 µM ABA. Open symbols: Controls in air. Filled symbols:

submerged at t = 0 h. Gray symbols: submerged at t = 0 h in the presence of 10 µM ABA. Expression

of mRNA was quantified relative to the value obtained at t = 0. Means of 4 replicates with standard

errors.
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GA sensitivity. Under these conditions, we found that applied ABA no longer
interacted with GA. This contrasts work in the submergence-tolerant
deepwater rice, in which it was suggested that ABA inhibits sensitivity to GA
(Hoffmann-Benning and Kende, 1992). However, in their experiments the
effect of ABA on GA biosynthesis was not determined.

Instead of reducing GA sensitivity, ABA inhibited expression of
RpGA20ox and RpGA3ox (Fig. 8). As a result of this, the increase in GA1 that
takes place in submerged petioles is absent in ABA-treated plants (Fig. 7).This
increase in GA1 is crucial for enhanced underwater elongation as long-term
extension growth depends strongly on GA (Fig. 5). In previous work we
showed that ABA declines rapidly in petioles of R. palustris upon submergence
or ethylene treatment (Chapter 2). This decline correlates well with the
observed up-regulation of RpGA3ox1 expression (Fig. 4).We now show that
externally applied ABA inhibits the up-regulation of RpGA3ox1. Taken
together, these data indicate that the inhibitory effect of ABA on long-term
underwater growth consists of a restriction of biosynthesis of GA1.

C o n c l u s i o n s

We examined the role of GA during submergence-induced elongation
in R. palustr is on a molecular, a biochemical as well as a physiological level.
Submergence induced an up-regulation of GA1 in petioles of R. palustr is
through enhanced expression of RpGA3ox1.This up-regulation is mediated
by ABA, which acts as an inhibitor of RpGA3ox1 expression. High levels of
ethylene, that accumulate upon submergence, induce a rapid decline in ABA
(Chapter 2). This process relieves the inhibitory effect on RpGA3ox1, and
allows the concentration of GA1 to increase, which is a requirement for long-
term elongation in submerged plants

E x p e r i m e n t a l  P r o c e d u r e s

G r o w t h  o f  p l a n t s

R. palustris plants were grown according to chapter 2.

I s o l a t i o n  o f  g e n e s  a n d  e x p r e s s i o n  m o n i t o r i n g

The isolation of GA biosynthetic cDNAs was carried out by PCR ampli-
fication using degenerate primers based on the most conserved regions of
known orthologues of Arabidopsis. For GA 20-oxidase primers 5’-
GAGAAGCTTACNGGNCCNCAYWSNGAYCC-3’ and 5’-GCGAATTC-
NCCDATRTTNACNACYAA-3’ (from the conserved amino acid sequences
TGPHCDP and LVVNIG) were used. For GA 3-oxidase primers 5’-
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GCSATGGGSCTSGCSGCSCAYACNG-3’ and 5’-CCGTTHGASAGRTG-
GAASAGRTCNCC-3’ (corresponding to MGLAAHTD and GDLFHIL) and
for GA 2-oxidase primers 5’-AAYGGNGAYNTNGGNTGG-3’ and 5’-
CTRAANCCRTTNGTCATNAC-3’ corresponding to NGDIGW and FGE-
HTDP) were used. PCR products amplified from genomic DNA or from a
cDNA library from Rumex palustris shoots were cloned in a pGEM-T easy
vector (Promega) and sequenced. Positive clones were labeled as probes to
screen the cDNA library, and the isolated partial cDNAs were extended to full
length cDNA clones by nested PCR using specific primers from the gene and
from the vector of a library.

G e n e  e x p r e s s i o n  m e a s u r e m e n t s

For each sample, RNA of five 3rd petioles was extracted using a modified
method of Kiefer et al. (2000). 50 µl Nucleon Phyto Pure DNA extraction
resin was used and samples were washed with 70% ethanol after each iso-
propanol precipitation. DNAse treatment was repeated four times with 7 U
DNaseI (Amersham Pharmacia Biotech inc. no. 27-0514-02).The effectiveness
of the treatment was checked by PCR amplification of genomic specific
sequences. 1 µg RNA was used for cDNA synthesis (stratagene cDNA synthe-
sis kit, no. 200401-5). Real-time PCR was performed on a ABI Prism (Applied
Biosystems) using the Taqman kit (Perkin Elmer). A set of two primers and a
gene specific probe were used. For GA 20-oxidase we used the primers 5’-
GACCCCACCTCCCTTACCAT-3’ and 5’-CACACGCCATCGACAAA-
CAC-3’ and the probe CTCCACCAGGATCATGTTAACGGCCTT. For 3-
oxidase we used the primers 5’-GCGCTTTCTTCGGTTAGGCTAT-3’ and
5’-CTAACTACCAACTTCAACTATGC-3’ and the probe TGGACCGC-
CATTGATCCGATCGGACC. For 2-oxidase we used the primers 5’-CCC-
CATGGATTCCATCAAGA-3’ and 5’-GGACCCGCCTTCTCCTTCT-3’
and the probe AGGCCGTCAAGTTCTTCTCCCTGCC. Relative mRNA
values were calculated using the comparative Ct method described by Livak
and Schmittgen (2001), expressing mRNA values relative to 18S RNA. All
expression levels were presented relative to the value obtained at t=0 h.

A p p l i c a t i o n  o f  c h e m i c a l s

GA3 (Duchefa), ABA (Sigma) and paclobutrazol (Duchefa) were
dissolved in ethanol or acetone to a stock concentration of 25 mM (for ABA)
or 100mM (for GA and paclobutrazol) and diluted 1000-fold with distilled
water. Paclobutrazol pre-treatment occurred once, 96 h before measurements,
with 10 mL 100 µM paclobutrazol or (for controls) with 0.1% (v/v) ethanol.
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P l a n t  g r o w t h  m e a s u r e m e n t s

For measurements of leaf elongation rates, linear displacement
transducers were used according to Voesenek et al. (2003b) using linear
displacement transducers (Schlumberger Industries; type ST 2000). Growth
rates were subsequently calculated by fitting lines through intervals of 10 - 30
min.

M e a s u r e m e n t s  o f  G A  c o n c e n t r a t i o n s  

Levels of GAs in petiole and leaf samples were analysed using 10 mg
dry-weight of previously ground and freeze-dried tissue. [2H2] GAs were added
to the samples as internal standards, in amounts of 375 pg for GA12, 15, 24, 9, 4,

and GA34 and 750 pg for GA 53, 44,19, 20, 29, 1 and GA8. GAs were extracted in
80 % methanol with 0,02% diethyl dithiocarbamate as antioxidant with
vigorous shaking for 1 h at 4 ºC.The mixture was centrifuged at 2800 rpm
for 10 min at 4 ºC. The supernatant was transferred into kimble tubes and
dried under reduced pressure.The pellet was redissolved in 50 µL methanol.
300 µL hexane was added and the mixture was applied to a Silica (1g) column
previously conditioned with hexane and balanced with hexane / ethyl acetate
(80:20). GAs were eluted with methanol containing 1 % acetic acid. The
elution was dried under reduced pressure and methylated. Dried residues were
redissolved in 200 µL 30% methanol containing 1% acetic acid.When necessary
samples were filter-centrifuged through an Ultrafree-MC centrifugal filter
device (0,22 µm, Millipore) before separation on a C18 reverse HPLC column,
in a gradient of 30% methanol to 100 % methanol. Fractions were grouped,
dried under reduced pressure and transferred to GC vials. Samples were
sililated and GA analysis was carried out by GC/MS-selected reaction
monitoring (SRM) using a JEOL/SX/102A four-sector mass spectrometer
(JEOL,Tokyo, Japan).
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A b s t r a c t

Plant cell extension is thought to be mainly regulated by cell wall properties.The activity
of many known cell wall loosening proteins depends on pH. In the Rumex palustr is system,
enhanced elongation growth is initiated in the petioles when the plant is submerged. A prime
stimulatory signal for the submergence-induced petiole elongation is the gaseous hormone
ethylene, while abscisic acid acts as a negative regulator of this elongation response.
Manipulations of apoplastic pH of R. palustris petioles influenced petiole elongation, suggesting
a role of apoplastic pH in regulating elongation growth in vivo. Submergence induced an
acidification of the apoplast in the petioles that coincided with increased proton efflux. The
acidification process was inhibited by an inhibitor of ethylene perception, but not by externally
applied abscisic acid.



I n t r o d u c t i o n

Extension of plant cells is a resultant of both cell turgor pressure and
the relaxation of the restraining cell wall (Cosgrove, 2000; Kutschera, 2001).
Although increased turgor is able to enhance cell size to some extent,
prolonged cell growth requires the presence of cell wall loosening mechanisms.
To date, a number of cell wall modifying proteins have been identified, such
as expansins (Cosgrove et al., 2002), xyloglucan endotransglycosylase/
hydrolases (XTH, Potter and Fry, 1994) and yieldins (Okamoto-Nakazato et
al., 2001).The activity of these proteins is regulated at the level of transcription
(Vriezen et al., 2000; Reidy et al., 2001). However, their activity is also known
to be dependent on apoplastic pH, in a way that an acidification of the cell
wall may suffice to induce cell wall loosening activity (McQueen-Mason et
al., 1992; Fry et al., 1992; Nishitani and Tominaga, 1992; Okamoto-Nakazato
et al., 2000). Thus, the apoplastic pH is a major determinant for cell wall
loosening and thus elongation growth of plant tissues.

Submergence-induced petiole elongation of Rumex palustris provides a
good physiological system to study plant cell elongation. R. palustris petioles
show enhanced elongation when submerged (Voesenek and Blom, 1989a,
Chapter 2). Furthermore, petiole elongation is distributed equally over the
entire petiole (Rijnders et al., 1996), and is achieved by cell elongation only
(Voesenek et al., 1990), excluding the interference of cell division. The
enhanced elongation response functions as part of an underwater escape
mechanism that enables submerged shoot parts to emerge from the water and
function as ‘snorkels’, thus restoring gas exchange between the atmosphere
and the submerged plant tissues (Voesenek et al., 2004).

Submergence is sensed via the accumulation of the gaseous hormone
ethylene inside the submerged tissue. Ethylene is trapped inside due to the
diffusion barrier imposed by the surrounding water layer while it continues
to be synthesized (Voesenek and Blom, 1989a). Ethylene is a crucial
component of the elongation response as the entire elongation response can
be mimicked by supplying ethylene (5 µL L-1) to air-grown plants (Voesenek
et al., 1990), while it can be inhibited in submerged plants when pre-treated
with compounds that interfere with ethylene perception, such as 1-
methylcyclopropene (1-MCP, Chapter 2). The elongation response also
depends on a reduction in the endogenous level of abscisic acid (ABA, Chapter
2). ABA operates as an repressor for the underwater elongation response, and
ethylene acts by removing this restriction. Externally applied ABA is capable
of inhibiting ethylene-induced elongation growth, whereas treatment with
fluridone, an inhibitor of ABA biosynthesis, enhances the underwater
elongation response by shortening the lag phase for elongation to start. Further
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downstream the regulatory pathway, the submergence-induced elongation
response is mediated by a transcriptional up-regulation of an expansin gene
(RpEXP1, Vriezen et al., 2000; Vreeburg, 2004). The onset of enhanced
elongation in submerged plants was shown to coincide with increased acid-
induced extensibility of the cell walls, which is considered to be a measure for
expansin activity (Vreeburg, 2004).

As expansins were shown to be inactive at neutral pH, an acidification
of the apoplast is a requirement for expansin activity (McQueen-Mason et al.,
1992). Furthermore, the inhibitory effect of ABA on the elongation process is
not mediated by an inhibition of expansin biosynthesis, as submergence of R.
palustr is in an ABA solution did not result in lowered RpEXP1 transcript
abundance (Vreeburg, 2004). Therefore, ABA might inhibit enhanced
underwater elongation in R. palustris by restricting apoplastic acidification in
the petiole tissue. ABA has been shown to inhibit apoplastic acidification or
induce alkalisation of apoplastic pH in Arabidopsis, Vicia faba and Zea mays
shoot tissues (Balsevich et al., 1994; Goh et al., 1996; Roelfsema et al., 1998;
Felle and Hanstein, 2002).

This paper addresses the question whether the enhanced elongation
response in R. palustr is is mediated by a decrease in apoplastic pH inside
submerged petiole tissue, and in what way this acidification is regulated.We
show here that R. palustr is petiole elongation depends on apoplastic pH.
Furthermore, submergence induced an increase in H+ efflux and a decrease in
apoplastic pH in R. palustr is petioles, an effect that could be reversed by
inhibiting ethylene reception, but not by the addition of ABA.

R e s u l t s

I n  v i t r o  p e t i o l e  e x t e n s i o n  i s  p H  s e n s i t i v e

Figure 1 shows the activity of pH-dependent cell-wall loosening
mechanisms in air-grown and submerged R. palustris plants. After freezing and
thawing, the petiole segments were placed in a constant load extensometer
(Vreeburg, 2004), in a buffer of pH 6.8 (at this pH expansin activity was shown
to be absent in cucumber hypocotyls (McQueen-Mason et al., 1992)). After
measuring the extension rate, the buffer was changed to a similar buffer with
a lower pH (6.0 to 3.5) after which the extension rate was determined again.
The difference between these two extension rates is then a measure for pH-
dependent cell wall loosening activity.

Petioles of both air-grown and submerged plants showed increased
extension at a low pH. Air-grown and submerged petioles showed increased
extension already at pH 5.5 (Fig. 1). Below pH 5, the increased extension of
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submerged petioles was most pronounced and was higher than the extension
of petioles from air-grown plants.The extension of petioles from air-grown
plants started to increase rapidly at pH values below pH 4.5 (Fig. 1).

A p o p l a s t i c  a c i d i f i c a t i o n  e n h a n c e s  i n  v i v o e l o n g a t i o n

To examine whether a decrease in apoplastic pH is sufficient to induce
in vivo elongation, petioles of air-grown plants were treated with 10 µM
fusicoccin, a fungal toxin that stimulates plasma membrane H+-ATP-ases and
subsequently acidifies the apoplast. Fusicoccin-treated petioles elongated
significantly faster than controls for at least 2.5 h after treatment (Fig. 2). In
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F i g u re  1 . Extension of 6 mm petiole segments induced by 50 mM citric acid/1 M K2HPO4 buffers

measured with a constant load extensometer. Before the buffer of the pH indicated on the x-axis was

added, petiole segments were incubated at pH 6.8. Petioles used were submerged for 6 h (filled circles)

or kept in air and harvested at the same time (open circles). Means of 5 replicates with standard

errors.
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F igure  2 . Increase in petiole length air-grown petioles treated with 10 mM fusicoccin (filled circles)

or non-treated controls (open circles). Arrow indicates time of fusicoccin addition. Means of 3

replicates with standard errors.
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agreement with this, injection of 50 mM succinate buffer of pH 4 in air-grown
R. palustris petioles induced a direct stimulation of the petiole elongation (Fig.
3a). Injection of a 50 mM succinate buffer of pH 6 did not show such a
stimulatory effect on petiole elongation, indicating that the stimulatory effect
at pH 4 is due to a change in apoplastic pH rather than a change in osmolarity.
A second injection with the same buffer (arrows at t = 1 h) showed that the
pH 4-induced elongation could be repeated in the same petiole, although the
stimulating effect was reduced.

A p o p l a s t i c  a l k a l i n i s a t i o n  i n h i b i t s  i n  v i v o e l o n g a t i o n

The injection treatments were repeated in plants that were submerged
for 4 h. At this time the rate of petiole elongation of R. palustr is is maximal
(Chapter 2), and the buffer injections should indicate whether a low apoplastic
pH is not only sufficient, but also required for the enhanced elongation
response. Injection of a 50 mM succinate buffer of pH 6 inhibited petiole
elongation when applied after 4 h of submergence (Fig. 3b).This inhibitory

S u b m e r g e n c e - i n d u c e d  a p o p l a s t i c  a c i d i f i c a t i o n • 7 5

F igure  3 . Increase in petiole length of petioles injected with 50 mM succinate buffer of pH 4 (open

circles) or pH 6 (filled circles). a . Petioles of plants growing in air. b . Petioles of plants submerged at

t= -4 h. Arrows indicate time of injection. Open arrows and circles: injection with buffer of pH 4.

Filled arrows and circles: injection with buffer of pH 6. Means of 4 and 2 replicates with standard

errors.
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effect was temporal and elongation rates were restored after 1 h, indicating an
active regulation of apoplastic pH. In contrast, injection of a 50 mM succinate
buffer of pH 4 did not further increase the rate of elongation in these
submerged plants (Fig. 3b) as it did in air-grown plants (Fig. 3a).This suggests
that the apoplast was already acidic in the submerged tissue.

S u b m e r g e n c e  i n d u c e s  a c i d i f i c a t i o n  o f  t h e  a p o p l a s t ,  w h i c h

c o u l d  b e  i n h i b i t e d  b y  1 - M C P  a n d  n o t  b y  A B A

To examine whether apoplastic pH really was reduced in submerged
plants, apoplastic pH was monitored in air-grown and submerged plants.This
showed that the apoplastic pH in petioles of air-grown plants decreased during
the experiment with 0.44 pH units in 4 h (Fig. 4). However, in petioles of
submerged plants, the apoplastic pH showed a much faster acidification. In
these plants apoplastic pH decreased 0.96 pH unit in 4 h (Fig. 4), from an
initial pH of 5.9 (± 0.2, n=6), to a pH of 5.0 (± 0.2, n=6).

To be able to attribute the enhanced acidification in submerged plants
to an increase in active proton efflux, this experiment was repeated using
microelectrode ion flux estimation (MIFE, Newman, 2001). This technique
allows non-invasive measurement of the net H+ flux by determining the
diffusion gradient of protons in the undisturbed boundary layer. This is
achieved by repetitively measuring the pH at two known distances from the
tissue (20 µM and 60 µM in these experiments). Submergence induced a strong
and persistent increase in H+ efflux (Fig. 5). After 60 min H+ extrusion was
still many times higher than observed in non-submerged plants.

The regulatory role of ethylene and ABA during submergence-induced
acidification was studied by pre-treating plants with 1-methylcyclopropene
(1-MCP), a known inhibitor of ethylene perception.This treatment blocked
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F i g u re  4 . Change in apoplastic pH of petioles. The petioles remained in air (open circles), or

submerged at t=0 (filled circles). Arrow indicates time of submergence. Means of 4 and 8 replicates

with standard errors.
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submergence-induced decrease in apoplastic pH (Table I). In contrast, the
acidification process was not influenced by ABA. Submergence of R. palustris
in 20 µM ABA, a concentration known to inhibit enhanced petiole elongation,
did not result in an inhibition of apoplastic acidification after 4 h of
submergence (Table I). In agreement with this, ABA was unable to inhibit
increased proton efflux upon submergence (Fig. 5).

.
D i s c u s s i o n

We show here that apoplastic acidification is sufficient and required for
the submergence-induced growth response in R. palustris. Acidification of the
apoplast of petioles of air grown plants enhanced the rate of elongation (Fig.
2 and 3a), while injection of a pH 6 buffer in submerged petioles inhibited
the elongation in submerged plants (Fig. 3b). Apoplastic pH decreased
significantly upon submergence (Fig. 4; Table I).The observed decrease in
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Ta b l e  I . Change in apoplastic pH of R. palustris petioles. Plants were grown in air, submerged,

submerged with a pre-treatment with 1-MCP, or submerged in ABA. 

Treatment Delta pH n

Air -0.44 ± 0.14 (4)
Submerged -0.96 ± 0.11 (8)
Submerged + 1-MCP -0.43 ± 0.21 (2)
Submerged + ABA -0.84 ± 0.14 (4)

Mean changes after 4 h of treatment with standard errors (n).

F i g u re  5 . Typical traces of proton efflux at the abaxial side of the petiole in submerged and air-

grown plants. Thin solid trace: plant remaining in air. Thick solid trace: plant submerged at t = 0.

Dashed trace: petiole treated with 20 µM ABA at t = -2.5 h and submerged at t = 0 in water containing

20 µM ABA. Vertical dashed line indicates time of submergence. All experiments were repeated 3

times with similar results.

-20 0 20 40 60

0

50

100

150

200

P
ro

to
n 

ef
flu

x 
(n

m
ol

 H
+  m

-2  s
-1

)

Time before or after treatment (min)

 Air
 Submerged
 Submerged + ABA



apoplastic pH from 5.9 to pH 5 in 4 h can be considered to be of physiological
importance for modulating cell wall loosening. At an initial pH of 6 or less,
an acidification of about 1 pH unit will lead to more extension of frozen-
thawed R. palustris petioles in a constant load extensometer (Fig. 1).

Measurements of apoplastic pH with surface electrodes hold the risk that
the pH measured is not the actual pH of the cell wall. By abrasion of the
cuticle, a free diffusional pathway is created from the epidermal plasma
membrane to the outer medium, allowing access to the apoplast and the
possibility to manipulate the ionic composition of the cell wall compartment.
The observed decrease in pH upon submergence still reflects an acidification
of the apoplast. However, as the abrasion allows the diffusion of protons to the
outer medium, the change in pH measured is always an underestimate of the
actual change in pH in the cell wall.

Although the petioles were kept in a water environment to enable pH
measurements, the decrease in apoplastic pH of air-grown petioles was not a
result of a partial induction of the submergence-induced apoplast acidification.
Blocking the perception of ethylene, the key hormone in the submergence
signalling pathway (Voesenek and Blom, 1989a), resulted in a similar drop in
apoplastic pH as that found in air-grown plants (Table I).This also shows that
the submergence-induced decrease of apoplastic pH is actively regulated by
ethylene (Table I).

Submergence of R. palustr is plants in 20 µM ABA inhibited the
submergence-induced petiole elongation (Chapter 2), but did not result in an
inhibition of submergence-induced apoplastic acidification (Table I, Fig. 5).
ABA also showed no inhibitory effect on the submergence-induced increase
of RpEXP1 transcript abundance (Vreeburg, 2004). Submergence leads to a
fast decrease in endogenous ABA while inhibition of ABA biosynthesis
decreases the lag phase for enhanced underwater elongation (Chapter 2).These
results suggest that a decrease in endogenous ABA levels is a requirement for
enhanced elongation to commence.The nature of this growth-inhibiting effect
of ABA, however, is probably not related to a block of apoplastic acidification,
but to an inhibition of GA1 biosynthesis (Chapter 4).

Apoplastic acidification started almost immediately upon submergence
(Fig. 4 and 5). As tissue extensibility was shown to increase gradually with
decreasing pH, the gradual acidification of submerged plants should imply a
gradual increase of petiole elongation rate, which should start immediately after
the onset of submergence. However, the rate of petiole elongation upon
submergence does not increase gradually, but is characterized by a distinct lag
phase of 2 h, followed by a steep increase in the rate of elongation (Chapter 2).

These contrasting kinetics indicate that, although apoplastic acidification
is a requirement for enhanced growth, the rate of elongation in submerged
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plants seems to be determined by enhanced biosynthesis of factors constituting
a pH dependent cell wall loosening mechanism, such as RpEXP1 (Vreeburg,
2004) which is more active at low pH (McQueen-Mason et al., 1992;
Vreeburg, 2004). Alternatively, it could be envisaged that the enhanced
elongation response has a second, independent requirement.This implies that,
besides apoplastic acidification, another criterium needs to be met before the
elongation process can start.This criterium is likely to involve the reduction
in the concentration of ABA, as an artificial reduction in ABA (through the
addition of fluridone) shortens the lag phase for enhanced elongation in
submerged plants (Chapter 2). The presence of two (or more) independent
requirements for enhanced elongation (acidification and reduced ABA) can
also explain why a fluridone treatment alone fails to enhance petiole
elongation in air-grown plants (Chapter 2). After all, in these plants the
apoplastic pH is not reduced.

C o n c l u s i o n s

This study showed that the submergence-induced petiole elongation
response in R. palustr is is mediated by increased apoplastic acidification,
resulting from enhanced proton efflux activity. This acidification process is
under control of ethylene, which accumulates upon submergence (Table I).
To our knowledge, this is the first time that ethylene is described as a regulator
of apoplastic pH. In contrast to our expectations, ABA did not influence the
acidification process (Fig. 5,Table I).The observed decrease in apoplastic pH
in submerged plants was large enough to induce enhanced extension of freeze-
thawed petioles (Fig. 1). Apoplastic acidification is a crucial component of
underwater elongation (Fig. 2 and 3). However, the kinetics of the enhanced
petiole elongation response in submerged plants show that this process is not
restricted by acidification of the apoplast, but rather by biosynthesis of cell
wall loosening proteins, or by the removal of a second, independent growth-
inhibiting mechanism, possibly mediated by ABA.

E x p e r i m e n t a l  P r o c e d u r e s

P l a n t  g r o w t h

Rumex palustr is plants were grown as described in chapter 2. All
measurements were done on the 3rd petioles. Because the different techniques
used in this study required different sizes of the 3rd petiole, we had to use
plants of different ages. Plants were potted 9 or 10 days after sowing. For the
extensometer assay we used plants 15 d after potting, and for the petiole
elongation and the pH measurements we used plants 18 d after potting.
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E x t e n s o m e t e r  a s s a y

The extension of a 6 mm petiole segment was measured according to
Vreeburg (2004) in a constant load extensometer with a pulling weight of 30
gr. Petioles were first incubated in 50 mM citric acid/1 M K2HPO4 buffer of
pH 6.8 for 30 min, after which the buffer was changed to similar buffer with
a lower pH.To ensure the initial buffer would not alter the pH of the second
buffer, the well was rinsed once with the new buffer. The buffer-induced
extension was calculated by determining the extension rate in a 10 min time
frame, 1 min after the buffer change, and subtracting the extension rate of the
petiole in a 10 min time frame, 1 min before the buffer change.

P e t i o l e  e l o n g a t i o n  m e a s u r e m e n t s

Petiole elongation was measured with linear variable differential
transformers as described by Voesenek et al. (2003a), adjusted with clamps to
measure petiole elongation only. Petiole length was averaged every 5 min.To
some plants, fusicoccin (Sigma-Aldrich, Zwijdrecht, The Netherlands) was
applied as 10 µM in a 0.1% Tween 20 solution, to abraded petioles. Control
petioles were also abraded and treated with a 0.1% Tween 20 solution.

In the petioles of some plants, 7 µl of 50 mM succinate buffer pH 4 or
6 was injected at 1 mm depth using a 10 µl glass syringe with a conical needle
tip (SGE). The buffer was injected in air-grown petioles, or in petioles that
were submerged for 4 h.

p H  m e a s u r e m e n t s

Apoplastic pH was measured with a surface pH electrode ( MI-406,
Microelectrodes Inc., Bedford, USA) in a custom made cuvet in which the
3rd petiole could be bathed in a 1 mM KCL solution while the root, leafblade
and other leaves could be in non-submerged conditions.The pH was measured
at the abaxial side of the petiole that was abraded with carborundum powder
just before the start of the experiment.The petiole was bathed in a 1 mM KCl
solution that bridged the circuit to the reference electrode (MI-401,
Microelectrodes Inc., Bedford, USA). When submerged, the root and leaf
compartment were filled with 1 mM KCl. Some plants were pre-treated with
3 µl 1-methylcyclopropene (1-MCP, Ethylbloc, Floralife inc.,Walterboro, USA)
for at least 40 min. This treatment inhibited the submergence-induced
hyponastic response (Cox et al., 2003) of plants treated in the same batch,
indicating that ethylene perception was blocked (data not shown). Some plants
were submerged in 20 µM ABA (Acros, ‘s-Hertogenbosch,The Netherlands,
dissolved in 0.1% ethanol), by filling the root and leaf compartment and change
the solution of the measuring compartment with the ABA solution. For
submerged plants, the change in pH is plotted as the change relative to the
pH at the time of submergence. Air-grown plants showed an initial increase
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in apoplastic pH when the measurements were started, followed by a decrease.
The change in pH of air-grown petioles was plotted relative to the highest
pH reached during the transient pH increase.This procedure will result in a
maximum pH decrease in air-grown petioles.Therefore, a larger submergence-
induced acidification relative to the observed acidification in air-grown
petioles will be more likely to indicate a significant difference.

M e a s u r e m e n t  o f  H
+

- f l u x

Net flux of H+ was measured non-invasively using H+-selective vibrating
microelectrodes with the MIFE TM technique (Shabala et al., 1997; Newman,
2001). Microelectrodes were pulled from borosilicate glass (GC150-10,
Harvard Apparatus LTD, Edenbridge, UK).The electrode blanks were silanized
with tributylchlorosilane (FLUKA 90974), backfilled with 15 mM NaCl plus
40 mM KH2PO4 and frontfilled with Hydrogen Ionophore II, Cocktail A
(FLUKA 95297).The average response of the electrodes was 56.7±1.0 mV per
pH unit (pH range 5.1-7.8). An intact plant was mounted in front of a
horizontal microscope (Nikon).The 3rd leaf was fixed watertight at the base
of the petiole in a plastic container. The leaf blade was immobilized to the
side of the container using Terostat. The petiole was gently rubbed with
carborundum powder to remove the cuticle and submerged with experimental
solution, containing 1 mM KCl.The H+-selective microelectrode was mounted
vertically in a holder (MMT-5, Narishige,Tokyo, Japan) on a three-way piezo
controlled micromanipulator (PCT, Luigs & Neumann, Ratingen, Germany)
driven by a computer-controlled steppenmotor (MO61-CE08, Superior
Electric, Bristol, CT, USA).The electrode was positioned at 20 µm from the
abaxial surface of the petiole. During measurements the distance between the
surface of the petiole and the electrode was changed from 20 to 60 µm at a
frequency of 0.1 Hz. Measurements were performed in the dark. The
experimental solution was boiled prior to use and during the experiment
CO2-free air was blown over the setup to minimize the effect of changing
CO2 concentrations on the pH of the experimental solution. Submergence
was achieved by filling the entire leaf compartment with 1 mM KCl. The
chemical activity of H+ in solution was continuously recorded at the two
distances from the petiole and from these data H+-flux was calculated.
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C h a p t e r  6

ABA antagonizes  e thy lene - induced

hyponast i c  g rowth  in  Arab idops i s

Joris J. Benschop, Frank F. Millenaar, Maaike E. Smeets,
Laurentius A.C.J.Voesenek, Anton J.M. Peeters.

A b b r e v i a t i o n s

ABA: abscisic acid; ACC: 1-aminocyclopropane-1-carboxylate ;BR: brassinosteroid; Col:

Columbia-0; Ler: Landsberg erecta;Ws:Wassilewskija-2

A b s t r a c t

Arabidopsis responds to applied ethylene with an upward movement of the petioles
(hyponastic growth).The amplitude of this effect differs between accessions, with Columbia-0
(Col) showing a large response while in Landsberg erecta (Ler) hyponastic growth is minimal.
We examined if abscisic acid (ABA) influences ethylene-induced hyponastic growth and whether
the different responses to ethylene between the two accessions are related to a different
interaction between ethylene and ABA.We show that ethylene-induced hyponasty is inhibited
by applying ABA.The strength of this inhibition differed in the two accessions, explaining -in
part- their different responses to ethylene treatment. Hyponastic growth in ethylene was
increased in ABA deficient mutants and wild-type plants treated with fluridone while it was
depressed in ABA hypersensitive mutants and in ABA-treated wild types. Ethylene did not act
by reducing endogenous ABA concentrations. In Col, ethylene depressed ABA sensitivity
through increased expression of ABI1, a proposed negative regulator of ABA signal transduction.



I n t r o d u c t i o n

Hyponastic (upward) and epinastic (downward) growth are commonly
observed in plants and consist of relatively faster cellular expansion on,
respectively, the abaxial or adaxial side of the plant organ (Kang, 1979). Both
are induced by an array of environmental cues including shade avoidance
(Ballare, 1999; Pierik et al., 2003), waterlogging and submergence (Jackson,
2002; Cox et al., 2003) and low temperatures (Nilsen, 1991).

Hyponastic and epinastic growth can both be influenced positively by
the plant hormone ethylene, depending on the species. In several species,
increased levels of endogenous ethylene have been shown to induce leaf
epinasty.This phenotype is observed in waterlogged tomato plants where the
ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) accumulates
in the O2-deficient roots due to the inhibition of O2-dependent ACC oxidase.
On arrival in the shoot tissue, abundant O2 facilitates the conversion of ACC
to ethylene (Jackson, 1985). In contrast, ethylene is able to induce hyponastic
growth in tobacco, with the absence of this response in ethylene insensitive
Tetr plants dramatically decreasing the ability of this trans-genic to compete
for light with wild-type plants when grown in a dense stand (Pierik et al.,
2003) 

Because ethylene accumulates to high levels inside the submerged tissue
it acts as a signal for submergence in well-adapted species (e.g. Caltha palustris,
Ranunculus repens, Rumex palustr is). These species show a marked re-
orientation of petioles and leaf blades upon submergence from a horizontal
to a more vertical stance. This response functions as part of an underwater
escape mechanism that enables submerged shoot parts to emerge from the
water and act as ‘snorkels’, thus restoring gas exchange between the atmosphere
and the submerged plant tissues (Ridge, 1987;Voesenek and Blom, 1989b). In
R. palustr is, the response depends on an ethylene-induced reduction in
endogenous level of abscisic acid (ABA, chapter 2, chapter 3). ABA acts as a
repressor both for enhanced extension growth and hyponasty in petioles of
this species, and ethylene acts by removing this restriction.

In nature, Arabidopsis thaliana is generally confined to well-aerated
environments. However, when this species is submerged or treated with
ethylene (5 µL L-1), it shows a hyponastic growth response (Millenaar et al.,
unpublished) reminiscent of that given by submergence tolerant species such
as R. palustris.The extent to which ethylene enhances this differential growth
phenomenon varies strongly between accessions. For instance, the accessions
Columbia-0 (Col) and Wassilewskija-2 (Ws) show strong hyponastic growth
upon exposure to ethylene, whereas in Landsberg erecta (Ler) there is almost
no response.
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In this study, we explored whether ABA is as much a negative regulator
of hyponastic growth in A. thaliana as it is in R. palustris.We therefore analysed
the effect of fluridone (an inhibitor of ABA biosynthesis) and exogenous ABA
on ethylene-induced hyponasty in A. thaliana and analysed a number of
mutants with impaired ability to synthesise or perceive ABA. Furthermore, we
examined the effect of applied ethylene on endogenous ABA, as well as on
the transcript levels of ABA biosynthesis and ABA response genes. We
compared the accessions Col, which shows a strong hyponastic response, and
Ler, in which this response is minimal, and examined whether the different
responses to ethylene were related to a different kind of interaction between
ethylene and ABA.The results show that ABA is indeed a negative regulator
of ethylene-induced hyponasty in A. thaliana.The strength of this inhibitory
signal was different in the two accessions, explaining -in part- their different
responses to ethylene treatment. In contrast to R. palustr is, ethylene did not
act by reducing the endogenous ABA concentrations in A. thaliana. Instead
ethylene depressed ABA sensitivity through increased expression of ABI1, a
proposed negative regulator of ABA signal transduction.

R e s u l t s

P e t i o l e  a n g l e s  a n d  e t h y l e n e  i n d u c e d  h y p o n a s t i c  g r o w t h

Figure 1 shows petiole angles of Arabidopsis accessions Col and Ler
treated with air or 5 µL L-1 ethylene.When grown in air, Ler plants showed a
significantly higher initial petiole angle above the horizontal compared to Col
(21.8 degrees in Ler vs. 8.5 degrees in Col, p < 0.01), although this angle
decreased during the measurement period. When plants were treated with
ethylene at t = 0 h, both accessions reacted with an increase in petiole angle
within 2 h of treatment.This increase was significantly stronger in Col (16 ±
1.6 degrees after 6 h) compared to Ler (5.2 ± 1.1 degrees after 6 h). As air-
grown plants also show alterations in the petiole angle during the treatment
period, part of the hyponastic growth response observed in ethylene-treated
plants is not related to ethylene.To be able to visualise the effect of ethylene
on hyponasty more clearly, air grown and ethylene treated plants were paired
and the difference in petiole angle was calculated by subtracting the values of
an air grown plant from those of a ethylene-treated plant for each time point,
giving a differential change in petiole angle during the course of the
experiment. The result of these calculations (shown in Fig. 1c) again show
much greater hyponasty in Col compared to Ler.
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Tr e a t m e n t  w i t h  A B A  a n d  f l u r i d o n e

Petiole angles of A. thaliana accessions Col and Ler are both altered by
treatment with 20 µM ABA or by fluridone, an inhibitor of ABA biosynthesis
(used at 100 µM), in the absence of exogenous ethylene (Fig. 2). Application
of 20 µM ABA for a period of 6 h resulted in a small, but statistically significant
decrease in petiole angle in both accessions (p < 0.05, Fig. 2a). During this
period the petiole angle of non-treated plants remained unchanged (Ler) or
showed a small, but again statistically significant, increase (Col).

Fluridone pre-treatment typically requires 3 d to be effective.
Unfortunately the leaves that were to be used in the measurements 3 d later
were, at the time of fluridone treatment, too small to accurately determine the
angle of. As a result of this, the direct effect of fluridone on petiole angles
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F igure  1 . a and b : Effect of 5µL L-1 ethylene, or air on petiole angles of A. thaliana accessions Ler

(a ) and Col (b ). c : Calculated effect of ethylene on petiole angles (using results in a and b ) through

pairwise subtraction of the values of untreated plants from those of treated plants for each time

point. Plants were in continuous light during the experiment Data are means of 8 replicate plants,

from two separately grown batches per accession, with standard errors.
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could not be monitored throughout the 3 d period. Instead, fluridone-treated
plants were compared to control plants that were treated with an equal amount
of mock solution (water containing 0.1 % acetone).This showed that plants
pre-treated with fluridone for 72 h acquired a significantly more upright
petiole angle than non-treated plants (18 degrees difference, p < 0.05, Fig.
2b). Again, the extent of this effect was similar in both accessions.

To investigate whether ABA also influences ethylene-induced hyponastic
growth, plants treated with 20 µM ABA or fluridone were exposed to ethylene
(5 µL L-1), and the effect of ethylene on hyponastic growth was calculated as
in figure 1c.Treatment of Col plants with ABA abolished ethylene-induced
hyponastic growth for at least 14 h (Fig. 3a). In contrast, ethylene-induced
hyponastic growth was enhanced in fluridone-treated plants after making a
slower start (Fig. 3b).The maximum angle achieved was also significantly larger
(23.3 ± 0.6 degrees vs. 16 ± 1.6 degrees, p < 0.05).This enhancement was,
however, transient. While petiole angles in non fluridone-treated plants
remained fairly constant during the ethylene treatment period, petiole angles
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F igure  2 . Effect of ABA and fluridone on petiole angles in Col and Ler. a : Effect of treatment with

water (open) or 20 µM ABA (filled) for 6 h on changes in petiole angles within the same plant. b :

Effect of treatment with water (open) or 1 µmol fluridone (filled) for 72 h on petiole angles. Means

of 4 plants with standard errors.
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in fluridone treated plants decreased again after 12 h to a value equal to that
of plants given ethylene alone (9.1 ± 3.3 degrees).

In contrast to Col, the application of ABA to Ler plants was unable to
inhibit the small ethylene-induced hyponastic response of this accession (Fig.
3c). Treatment of Ler plants with fluridone also failed to enhance ethylene-
induced hyponastic growth (Fig. 3d). Again, a delay in the start of hyponasty
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F i g u re  3 . Differential effect of 5 µL L-1 ethylene on petiole angles of ABA- and fluridone-treated

Col and Ler plants (filled), compared to the response of the wild-type background accession (open).

a and c : Plants treated with ABA (20 µM) to shoots and roots 1 h prior to start of measurement. b
and d : plants treated with 1 µmol fluridone to the roots 72 h prior to start of measurement. Means

of 3 or 4 plants with standard errors.
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was observed in fluridone-treated plants, and the maximum angle was also
reached later than in plants given only ethylene. This maximum increase in
angle was, however, no larger than that found in plants given only ethylene
(7.7 ± 1.9 vs. 5.2 ± 1.1 degrees). So, although ABA and ethylene seemed to
interact in hyponasty, there are distinct differences between the accessions in
the character of the relationship between these hormones.

A n a l y s i s  o f  m u t a n t s  i m p a i r e d  i n  A B A  b i o s y n t h e s i s  o r

s e n s i t i v i t y

To determine whether ABA concentration or ABA signalling is involved
in ethylene-induced hyponastic growth, a number of mutants impaired in ABA
biosynthesis or ABA signal transduction were analysed.Although some of these
mutations influence stomatal conductances, no wilting was observed in the
growth chambers or the experimental set up.The ABA biosynthesis mutants
aba2-1 and aba3-1 (Col background) displayed a significantly higher inherent
petiole angle (i.e., more upright) than that of the corresponding wildtype (Fig.
4). In contrast, a reduction in petiole angle was observed in the ABA
hypersensitive era1-2. A slight decrease in angle was also found in the ABA
insensitive abi4-1, while the ABA hypersensitive det2-1 showed an increase in
angle when compared to wild-type Col plants.The ABA biosynthesis mutant
aba1-1 (Ler background) also showed an increase in petiole angle compared
to the wildtype. No effect was observed in the ABA response mutants abi2-1
and abi3-1.

The ABA biosynthesis or response mutants were also treated with ethylene
and the ethylene-induced hyponastic growth was calculated as described for
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F igure  4 : Initial petiole angles in a number of Arabidopsis thaliana ABA mutants (filled), compared

to the appropriate wild-type background accessions (open). Angles were measured immediately prior

to ethylene treatment experiments (see Figs. 5,6). Means of 3 to 8 plants with standard errors.
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F igure  5 . Differential effect of applied ethylene (5 µL L-1) on petiole angles in Arabidopsis thaliana

ABA mutants (filled), compared to the response of the appropriate wild-type background accession

Col (open). Means of 3 or 4 plants with standard errors.
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figure 1c.The biosynthesis mutants aba2-1 and aba3-1 and the ABA insensitive
abi4-1 (all Col background) showed an enhanced ethylene-induced hyponasty
compared to wild-type plants (Fig. 5a-c). In contrast, a complete inhibition of
ethylene-induced hyponastic growth was observed in the ABA hypersensitive
era1-2 and det2-1 mutants (Col background, Fig. 5d-e).

A slight enhancement of ethylene-induced hyponastic growth was also
observed in aba1-1 (Ler background), but this only emerged after 18 h of
ethylene treatment (Fig. 6a). Hyponastic growth in Ler was significantly more
pronounced in the ABA insensitive abi2-1 although again this was only
noticeable after 12 h of treatment (Fig. 6b). A much more rapid enhancement
of hyponastic growth was observed in the ABA insensitive abi3-1 mutant (Ler
background), which responded strongly to applied ethylene and showed an
especially large maximum angle increase of 20 ± 2.0 degrees (Fig. 6c).Taken
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F igure  6 . Differential effect of applied ethylene (5 µL L-1) on petiole angles of Arabidopsis thaliana

ABA mutants (filled), compared to the response of the wild-type background accession Ler (open).

Means of 3 or 4 plants with standard errors.
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together, these experiments confirm the inhibitory effect of ABA on petiole
angles and ethylene-induced hyponastic growth, and draw attention to the
existence of an interaction between ethylene and ABA that determines the
extent of hyponastic growth.
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F igure  7 . Differential effect of applied ethylene (5 µL L-1) on petiole angles of Arabidopsis thaliana

ABA mutants abi4-3 (a) and abi5 (b)(filled), compared to the response of the wild-type background

accession C24 (a) and Ws (b)(open). Means of 4 plants with standard errors.
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F igure  8 : ABA concentration in petioles of Col (circles) and Ler (triangles) treated with air (open) or

air containing 5 µL L-1 ethylene (filled). Means of 3 or 4 replicates with standard errors.
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O b s e r v a t i o n s  i n  o t h e r  a c c e s s i o n s

To support the observations made in Col and Ler,ABA response mutants
from two other accessions, C24 and Ws, were also analysed (Fig. 7). The
corresponding wildtypes showed a strong ethylene-induced hyponastic
response (27 and 17 degrees respectively). In the absence of exogenous
ethylene, the more horizontal natural petiole angle observed in the abi4-1
mutant of Col was also present in an abi4-3 mutant of C24 (33.2 ± 3.9 degrees
for wildtype vs. 20.7 ± 2.8 degrees for abi4-3, p < 0.05). However, the abi5
mutation of Ws did not alter petiole angle of plants growing without added
ethylene (19.6 ± 3.0 in wildtype vs. 24.4 ± 3.2 in abi5). Upon treatment with
ethylene, abi4-3 and abi5 again showed a faster increase in petiole angle
compared to the respective wildtypes, although the maximum angle reached
in abi4-3 was no higher than that shown by the C24 wildtype (Fig. 7) 

A n a l y s i s  o f  A B A  c o n c e n t r a t i o n s  a n d  e x p r e s s i o n  o f  A B A

b i o s y n t h e s i s  a n d  r e s p o n s e  g e n e s

The antagonistic relationship between ethylene and ABA and the ability
of ABA to influence petiole angles suggested that ethylene might act by
affecting ABA biosynthesis or ABA signalling.To investigate these possibilities,
ABA levels were measured in ethylene-treated plants, and expression levels of

A B A  r e g u l a t i o n  o f  h y p o n a s t i c  g r o w t h  i n  A r a b i d o p s i s • 9 3

Table  I : Changes in expression of genes involved in ABA biosynthesis or ABA signal transduction in

A. thaliana accession Col treated with air or ethylene (5 µL L-1) for 3 h using Affymetrix GeneChips.

Values (in arbitrary units) represent means with standard errors of 3 independent replicates. Symbols

for p-values: ns: not significant; *: 0.05>p>0.01; **: p<0.01

Gene Genbank ID Clone ID Expression  Expression p Change
Air Ethylene

ABA1 At5g67030 247025_at 1620 ± 35.9 1458 ± 51.5 ns
ABA2 At1g52340 259669_at 375 ± 2.3 328 ± 11.1 * -13%
ABA3 At1g16540 246325_at 95 ± 9.1 89 ± 7 ns
AAO3 At2g27150 263570_at 199 ± 5.4 215 ± 1.5 ns

NCED1 At3g63520 251146_at 1657 ± 133.7 1642 ± 93.1 ns
NCED2 At4g18350 254668_at 88 ± 7.2 78 ± 4.6 ns
NCED3 At3g14440 257280_at 109 ± 4.4 115 ± 8.2 ns
NCED4 At4g19170 254564_at 1060 ± 137 754 ± 64.4 ns
NCED5 At1g30100 256190_at 71 ± 4.8 77 ± 2.4 ns
NCED6 At3g24220 257242_at 146 ± 15.1 125 ± 5.2 ns
NCED9 At1g78390 260797_at 190 ± 16.8 160 ± 8 ns

ABI1 At4g26080 253994_at 419 ± 34.2 992 ± 62.9 ** +137%
ABI2 At5g57050 247957_at 151 ± 7.7 162 ± 0.5 ns
ABI3 At3g24650 256898_at 182 ± 12 158 ± 2.8 ns
ABI4 At2g40220 263377_at 167 ± 13.3 161 ± 7.6 ns
ABI5 At2g36270 263907_at 115 ± 3.6 122 ± 3.7 ns
ERA1 At5g40280 249405_at 268 ± 7.4 255 ± 5 ns



ABA biosynthesis and ABA response genes analysed in Col plants treated with
ethylene for 3 h.

Ethylene treatment more than doubled the expression of ABI1, a gene
coding for a proposed negative regulator of ABA signal transduction, but had
no effect on the expression of NCED, which catalyses the presumptive rate
limiting step for ABA biosynthesis (Table 1). Ethylene slightly depressed the
expression of ABA biosynthesis gene ABA2 (xanthoxal oxidase).This had no
effect on the final ABA concentration in petioles exposed to ethylene (Fig.
8), although a slight (9%) increase in ABA in air grown Ler after 6 h of
treatment was absent in ethylene treated plants of that accession.Thus, ethylene
affected ABA responsiveness, but not ABA biosynthesis.

D i s c u s s i o n

O b j e c t i v e s

The aim was to investigate whether ABA is a negative regulator of
ethylene-induced hyponastic growth in A. thaliana.We therefore combined
pharmacological studies with an analysis of mutants impaired in ABA
biosynthesis or responsiveness. Furthermore, we analysed whether the distinct
difference in hyponastic growth response observed in accessions Ler and Col
could be attributed to an altered interaction between ethylene and ABA.

T h e  e n d o g e n o u s  A B A  l e v e l  i n f l u e n c e s  p e t i o l a r  a n g l e s

Results obtained from both pharmacological studies and mutant analysis
were strongly complimentary. For example, in plants not given ethylene,
mutants impaired in ABA biosynthesis (aba1, aba2 and aba3) consistently
showed a higher natural petiole angle than the corresponding wildtypes (Fig.
4). The application of fluridone, an inhibitor of ABA biosynthesis, also
increased this natural angle in both accessions (Fig. 3). Compatible with the
notion of ABA being a suppressor of hyponasty were observations of marked
reductions in angle by leaves of plants given 20 µM ABA and of especially low
leaf angles of the ABA hypersensitive era1-2 mutant. In contrast, the natural
leaf angles of det2-1, a mutant impaired in brassinosteroid (BR) biosynthesis
and reported to be hypersensitive to ABA (Steber and McCourt, 2001) was
more upright than the wildtype. Taken together, the data suggest ABA is a
negative regulator of petiole angles. However, an alternative explanation could
be that the raised petiole angles result from the extra ethylene that ABA
deficient mutants produce (LeNoble et al., 2004). This implies that the
ethylene-induced hyponastic response is partially engaged at all times in these
mutants. In support of this possibility, 1-MCP, an inhibitor of ethylene
perception, induced epinasty (i.e., reversed hyponasty) to air grown Ler (but
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not Col) (Millenaar et al, unpublished results).This suggests that endogenous
ethylene concentrations are indeed sufficient to influence petiolar angles. Still,
it should be noted that in plants in which ethylene-induced hyponastic growth
is partially engaged (i.e. the plant is already partially responding to ethylene),
the added effect of applying saturating levels of ethylene is expected to result
in a smaller increase in angle than would be present in wild-type plants.
However, not a reduction, but an enhancement in ethylene-induced hyponastic
growth was observed in aba2 and aba3 (Fig. 5) as well as in fluridone-treated
wild-type plants (Fig. 3). Therefore, the faster ethylene production by ABA
deficient mutants seems insufficient to affect hyponastic growth significantly.

A B A  i n f l u e n c e s  e t h y l e n e - i n d u c e d  h y p o n a s t i c  g r o w t h

Responses of wild-type and ABA mutant plants and fluridone-treated
plants to 5 µL L-1 ethylene indicated that endogenous ABA is a negative
regulator of ethylene-induced hyponastic growth. For example, in Col, aba2-
1, aba3-1 and abi4-1 showed a rapid early enhancement of ethylene-induced
hyponastic growth compared to the wildtype (Fig. 5). A very similar response
was observed in fluridone-treated Col plants, and in the C24 abi4-3 and the
Ws abi5 mutants (Fig. 3, Fig. 7). In Ler, ethylene-induced hyponastic growth
in aba1-1 and abi2-1, as well as in fluridone-treated plants, was enhanced
during the later phases of the treatment period. Ethylene-induced hyponastic
growth was significantly stronger in abi3-1 Ler mutants. In this mutant,
enhanced hyponastic growth was observed within 5 h of treatment. Still, the
response of (Ler) abi3-1 mutant was reduced compared to wild-type Col plants.
Although the maximum angle reached in Col and abi3-1 was equally high, in
the mutant this maximum was reached at a significantly later time point
(approx. 12 h vs. 5h) .

The addition of ABA to wild-type Col plants resulted in an inhibition
of hyponastic growth that was similar in extent to that seen in ABA-
hypersensitive era1-2 and det2-1. Although both these mutants are reported
to be hypersensitive during seed germination and root growth (Steber and
McCourt, 2001; Brady et al., 2003), the two genes are quite unrelated. ERA1
is a negative regulator of ABI3 transcription in seeds and vegetative tissue
(Brady et al., 2003). DET2 is involved in BR biosynthesis.The det2-1 mutant
was found to be hypersensitive to applied ABA during germination (Steber
and McCourt, 2001), indicating an antagonistic relationship between BR and
ABA.The involvement of DET2 in hyponastic growth would suggest that a
similar antagonism between ABA and BR is present in vegetative tissue.
Alternatively, as det2-1 shows increased petiolar angles compared to the
wildtype, in the absence of ethylene, but fails to show hyponasty upon ethylene
treatment, BR biosynthesis or signalling may be a specific factor of the
ethylene-induced hyponastic response.
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D i f f e r e n t i a l  r e g u l a t i o n  i n  t w o  c o n t r a s t i n g  a c c e s s i o n s

There are strong similarities between Col and Ler in the absence of
applied ethylene. Under these conditions, the absence of ABA biosynthesis
enhanced petiolar angles, while the application of external ABA or an
enhancement of ABA sensitivity induced a decrease in angle. In contrast, ABA
influenced ethylene-induced hyponastic growth differently in these two
accessions. Application of ABA or fluridone was much less effective in altering
ethylene-induced growth in Ler than in Col. Furthermore, ABA biosynthesis
or sensitivity mutants generally showed a relatively weak and transient response
in Ler (with the exception of abi3) but strong enhancements of hyponasty in
Col, Ws and C24. Thus, the contrasting interactions between ethylene and
ABA may -at least partially- explain the difference in ethylene responsiveness
displayed by Col and Ler.

E t h y l e n e  d o e s  n o t  a c t  t h r o u g h  a l t e r e d  l e v e l s  o f  A B A

Mutants with decreased levels of ABA biosynthesis as well as wild-type
plants treated with fluridone showed more vertical natural petiole angles as
well as increased ethylene-induced hyponastic growth. In the submergence
tolerant Rumex palustr is, ABA forms an obstruction for ethylene-induced
hyponastic growth (Chapter 3) and ethylene acts by decreasing endogenous
ABA levels. In ethylene insensitive ein2 mutants, enhanced levels of ABA were
observed (Ghassemian et al., 2000) suggesting that ethylene is also a negative
regulator of ABA biosynthesis in Arabidopsis. However, no decrease in ABA
levels were observed after 2 h of ethylene treatment.A small difference between
control and ethylene treated plants was observed in Ler after 6 h, but this is
unlikely to be related to ethylene-induced hyponastic growth as the hyponastic
growth response is observed within 2 h in both accessions and the actual
concentration of ABA in ethylene treated Ler plants did not decrease when
compared to the level observed at the start of the treatment. In support of this,
no change in gene expression was observed for any of the NCED homologs.
Although a slight decrease in ABA2 expression was observed, this is unlikely
to have a strong influence as this gene is not considered to be rate limiting
for ABA biosynthesis (Qin and Zeevaart, 1999; Taylor et al., 2000; Qin and
Zeevaart, 2002).

R e g u l a t i o n  o f  A B A  s i g n a l  t r a n s d u c t i o n

A proposed signal transduction scheme is presented in figure 9. The
absence of changes in endogenous ABA and the observed increase in ABI1
expression suggests that ethylene acts by inhibiting ABA sensitivity. ABI1 and
ABI2 are protein phosphatases 2C which have overlapping roles in controlling
ABA action (Merlot et al., 2001). Although the abi1-1 and abi2-1 mutations
cause ABA insensitivity, loss-of-function mutations in these genes were found
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to induce hypersensitivity to ABA (Gosti et al., 1999), indicating that ABI1
and ABI2 are negative regulators of the ABA signalling pathway. This was
supported by the observation that transient over-expression of ABI1 blocked
both ABA-inducible and ABA-repressible gene expression in maize mesophyll
protoplasts (Sheen, 1998).

Ethylene induced a very strong and rapid enhancement of hyponasty in
abi3-1. Originally, ABI3 was thought to be exclusively expressed in seeds and
not in vegetative tissue (Giraudat et al., 1992; Parcy et al., 1994). Later work
did show post-germination expression of ABI3 , although it was found to be
restricted to the meristem (Rohde et al., 1999). Ectopic expression of ABI3
using a constitutive promoter influenced ABI1-dependent responses such as
root growth and stomatal responses (Parcy and Giraudat, 1997; Suzuki et al.,
2001). In contrast, the severe abi3-6 mutant did not show altered lateral root
formation, suggesting that loss of ABI3 does not result in a strong phenotype
in vegetative tissue. In contrast, our results indicate that ABI3 is an important
regulator of ethylene-induced hyponastic growth, as a strong enhancement of
this response is observed in the abi3-1 mutant. This is further supported by
the observation of a strong repression of hyponastic growth in era1-2, which
was shown to have increased expression of ABI3 (Brady et al., 2003). The
involvement of ABI3 in the ethylene-induced growth response is intriguing
as this gene is considered a point of cross talk between auxin and ABA
signalling in seeds and roots (Suzuki et al., 2001). Auxin is a well-known
regulator of various differential growth responses (Went and Thimann, 1937)
and has been implicated as a regulator of ethylene-induced hyponastic growth
in Arabidopsis (Cox, 2004). In seeds and roots, the presence of auxin enhanced
the activity of ABI3, so that less exogenous ABA was required to inhibit
germination (Nambara et al., 2002; Brady et al., 2003). If a similar relation
exists in shoots, ABA might act, via ABI3, as some sort of negative feedback
signal for auxin-induced differential growth (Fig. 9). Both ABI3 and ERA1
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F i g u re  9 : Proposed partial signal transduction
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are proposed to be positioned downstream of ABI1 (Gazzarrini and McCourt,
2003). The enhanced expression of ABI1 upon ethylene treatment suggests
that one of the actions of ethylene is the inhibition of ABA signalling, thus
repressing a negative regulator of differential growth.

E x p e r i m e n t a l  P r o c e d u r e s

P l a n t  m a t e r i a l  a n d  g r o w t h  c o n d i t i o n s

Seeds were sown on moistened filter paper in sealed Petri-dishes and
vernalized in the dark at 4 °C for 4 d. Subsequently, the seeds were germinated
for 4 d in a growth chamber with the following conditions: 20 °C, 70 % (v/v)
relative humidity, 9 h photoperiod: 200 (mol m-2 s-1 photon flux density.
Seedlings were transferred with a brush to pots (70 ml) containing a mixture
of potting soil and perlite (1:2, v:v), enriched with 0.14 mg MgOCaO (17 %;
Vitasol BV, Stolwijk, The Netherlands) and 0.14 mg slow-release fertilizer
(Osmocote “plus mini”; Scotts Europe bv, Heerlen,The Netherlands) per pot.
Prior to seedling transfer each pot was saturated with 20 ml nutrient solution
containing: 2.6 mM KNO3, 2.0 mM Ca[NO3]2, 0.6 mM KH2PO4, 0.9 mM
MgSO4, 6.6 µM MnSO4, 2.8 µM ZnSO4, 0.5 µM CuSO4, 66 µM H3BO3, 0.8
µM Na2MoO4 and 134 µM Fe-EDTA, pH 5.8. All chemicals were p.a. grade
and obtained from Merck (Darmstadt, Germany). Following transplantation,
plants were grown for 28 d in a growth chamber (conditions as described
above). Pots with seedlings were kept in a glass-covered tray for 4 d following
transplantation, after which they were transferred to irrigation mats
(Maasmond-Westland,The Netherlands).The mats were automatically watered
with tap water to saturation once a day (at the beginning of the light period),
and the excess water was drained. In all experiments petioles of 36 d old (from
sowing) plants were used.We examined the hyponastic response and elongation
of a single petiole per plant.

A B A  a n a l y s i s

ABA was extracted as described in chapter 2, although 50kBq 3H-ABA
was added to the samples at the beginning of the extraction procedure.
Furthermore, the purified sample was fractionated by HPLC prior to GC-MS
measurement. The sample containing ABA was dissolved in 500 µL 10%
methanol, and injected onto a Hypersil ODS 250 x 4.6 mm column (Alltech)
on a 40 minute gradient from 10% methanol to 100% methanol (1 mL min-1

flow speed). The fraction containing ABA was identified by scintillation
counting.This fraction was then subjected to GC-MS analysis.
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M e a s u r e m e n t s  o f  p e t i o l e  a n g l e s

To measure changes in petiole angle, time-lapse photography was used
according to Cox et al. (2003). To enable continuous photography, no dark
period was included in the 24 h experimental period. On the day before the
experiment, plants were placed singly in glass cuvettes (13.5 x 16.0 x 29.0 cm)
with the petiole of study perpendicular to the axis of the camera.To facilitate
measurement, leaves that were obscuring the petiole base were removed.
Additionally, the petiole was marked at the petiole/lamina junction with
drawing ink. In all experiments, petioles of 36-d-old plants (from sowing) were
used.We examined the hyponastic response of a single petiole on each plant.
The leaf that was studied generally ranged from the 8th to the 10rd counting
from the base, and care was taken that leaves in a similar developmental stage
were analysed. A marked calibration scale was placed in the soil in the same
plane as the petiole.These preparations did not influence the response of the
petiole to ethylene. All experiments started at 9:30 h to rule out circadian
effects.

Tr e a t m e n t  w i t h  e t h y l e n e ,  A B A  a n d  f l u r i d o n e

Treatment with 5 µL L-1 ethylene in a flow-through system took place
as described in Chapter 3. ABA (Sigma, Haarlem, The Netherlands) was
dissolved in 96% ethanol to a final concentration of 20mM and diluted with
tap water to 20 µM. ABA was applied, 1 h prior to the start of ethylene
treatment, by spraying the shoot with this solution. Additionally, the pots were
placed in a Petri-dish containing 10 ml of the 20 µM ABA solution. Fluridone
(Duchefa, Zwijndrecht, The Netherlands) was dissolved in acetone to a
concentration of 100 mM, and diluted in tap water to give a pre-treatment
solution containing 100 µM. Plants were pre-treated once, 65 or 72 h before
the start of the experiment, by administering 10 ml (1 µmol per plant) of this
pre-treatment solution to the soil. Control plants were pre-treated in a similar
fashion with a solution of tap water containing 0.1 % acetone.

I m a g e  a n a l y s i s

Digital photographs (1280 x 1000 pixels) were taken every 10 min.The
angle of the petiole was then determined with a KS400 (Version 3.0) software
package (Carl Zeiss Vision, Germany). Petiole angle was measured as the angle
between the applied ink mark and a fixed basal point of the petiole (that was
determined using 10 random photographs), compared to the horizontal.

S t a t i s t i c a l  a n a l y s i s

For all replicate plants, the change in petiole angle compared to t = 0 h
was calculated for every time point. Since a number of the hormone mutants
showed a strong change in petiole angle in air, we corrected for this by
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subtracting the values of an untreated plant from those of a treated plant for
each time point, giving a differential change in petiole angle over the 24 h of
the experiment.The first untreated replicate plant in the camera system was
always subtracted from the first treated replicate plant, the second untreated
plant from the second treated plant, etc.

R N A  i s o l a t i o n

Petioles were harvested from plants in stage 3.9 according to Boyes et
al. (2001). Subsequently RNA was isolated from these petioles with RNAeasy
extraction protocol from Qiagen (Valencia, USA).

c D N A  s y n t h e s i s

Approximately 10 µg of total RNA was reverse transcribed at 42 ºC for
1 h to generate first strand DNA using 100 pmol oligo dT(24) primer
containing a 5’-T7 RNA polymerase promoter sequence (5’-GGCCAGT-
GAATTGTAATACGACTCACTATAGGGAGGCGG-(dT)24-3’), 50 mM
Tris-HCL (pH 8.3), 75 mM KCL, 3 mM MgCl2, 10mM dithiothreitol (DTT),
10mM dNTPs and 200 units SuperScript II reverse transcriptase (Invitrogen
Life Technologies). Following first strand synthesis, second strand DNA
synthesis was synthesized using 10 units of E. coli polymerase I, 10 units of
E. coli DNA ligase and 2 units of RNase H in a reaction containing 25 mM
Tris-HCL (pH 7.5), 100 mM KCL, 5 mM MgCl2, 10 mM (NH4)2SO4, 0.15
mM b-NAD+ and 10 mM dNTPs. The second strand synthesis reaction
proceeded at 16 ºC for 2 hours before 10 units of T4 DNA polymerase was
added and the reaction allowed to proceeded for a further 5 minutes. The
reaction was terminated by adding 0.5 M EDTA. Double stranded cDNA
products were purified using the GeneChip Sample Cleanup Module
(Affymetrix).

c R N A  s y n t h e s i s

The synthesized cDNAs were in vitro transcribed by T7 RNA
polymerase (ENZO BioArray High Yield RNA Transcript Labeling Kit, Enzo)
using biotinylated nucleotides to generated biotinylated complementary RNAs
(cRNAs). The cRNAs were purified using the GeneChip Sample Cleanup
Module (Affymetrix).The cRNAs were then randomly fragmented at 94 ºC
for 35 min in a buffer containing 40 mM Tris-acetate (pH 8.1), 100 mM
potassium acetate, and 30 mM magnesium acetate to generate molecules of
approximately 35 to 200 bases long.
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A r r a y  H y b r i d i z a t i o n

The fragmented cRNA were mixed with 0.1 mg ml-1 of sonicated
herring sperm DNA in a hybridisation buffer containing 100mM 2-N-
morpholino-ethane-sulfonic acid (MES), 1 M NaCl, 20 mM EDTA and 10%
Tween 20 making a hybridisation mixture. The hybridisation mixture
containing the fragmented cRNA was denatured at 99 ºC for 5 min and
equilibrated at 45 ºC for 5 min and centrifuge at maximum speed in a
microcentrifuge for 5 min to remove any insoluble material from the
hybridisation mixture.The hybridisation mix was transferred to the Arabidopsis
ATH1-121501 genome array (Affymetrix) cartridge and hybridised at 45 ºC
for 16 h on a rotisserie at 60 rpm.

After a 16 h hybridisation period, the arrays were washed and stained in
a fluidics station (Affymetrix). The arrays were initially washed in a low
stringency buffer A (6X SSPE (0.9m NaCl, 0.06 M NaH2PO4, 6 mM EDTA),
10 % Tween 20) at 25 ºC for 10 min and then incubated with a high stringency
buffer B (100mM MES, 0.1 NaCl, 10 % Tween 20) at 50 ºC for 20 min, then
stained with 10mg ml-1 of Streptavidin Phycoerythrin (SAPE), in stain buffer
containing 100mM MES, 1M NaCl, 0.05% Tween 20 and 2 mg ml-1 BSA at
25 ºC for 10 min, washed with wash buffer A at 25 ºC for 20 min and stained
with biotinylated anti-streptavidin antibody at 25 ºC for 10 min.After antibody
staining the arrays were stained again with SAPE for signal amplification and
washed with buffer A at 30 ºC for 30 min.The arrays were finally scanned and
the intensities averaged with the Agilent GeneArray Scanner.

G e n e C h i p  D a t a  a n a l y s i s

The following programs were used, MAS 5.0 from Affymetrix (Santa
Clara, USA), DNA-Chip analyser (dChip) version 1.2 (Harvard University,
USA) and Excel 2000 (Microsoft, Redmond, USA). For the calculation of the
expression values, cell files from MAS 5.0 were imported in dChip. Only the
perfect match values from the chip were used for the calculations.
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Genera l  d i s cuss ion

Rumex palustris responds to submergence with an upward bending of
the petioles (hyponastic growth) followed by a strong enhancement of
elongation of the entire petiole.These two growth responses together help the
plant to regain contact with the water surface, so that gas exchange to the
submerged tissue can be restored. A complex regulatory mechanism exists
between the sensing of submergence and the activation of enhanced cell wall
loosening activity that is needed for the enhanced growth to take place.This
pathway ensures that the mechanism is only activated when plants really are
submerged, and remains silent in the face of other environmental cues, such
as heavy rainfall.

The underwater escape response is initiated by ethylene, which
accumulates inside the submerged tissue (Voesenek et al., 1993). The
accumulation of ethylene gas is a crucial component of the signalling pathway,
as the inhibition of ethylene perception abolishes the hyponastic and the
elongation responses (Cox, 2004, Chapter 2), while the application of
saturating levels of ethylene to air-grown plants reproduces the effects of
submergence on hyponasty and petiole elongation (Voesenek and Blom,
1989a).



S u b m e r g e n c e - i n d u c e d  e l o n g a t i o n

I n v o l v e m e n t  o f  A B A

Almost immediately after submergence, ethylene induces a reduction in
the concentration of abscisic acid (ABA, Chapter 2).This is brought about by
an increase in ABA breakdown to phaseic acid and a simultaneous depression
of ABA biosynthesis. This reduction in ABA is a strict requirement for
submergence-induced petiole elongation since ABA is an effective inhibitor
of the process (Chapter 2). Externally applied ABA can almost fully inhibit
underwater growth, while an artificial reduction in ABA (through the addition
of the ABA biosynthesis inhibitor fluridone) enhances the elongation response
by shortening the distinct lag phase that exists between the start of
submergence and the start of faster elongation growth.This indicates that this
lag phase can, at least partially, be explained by the time taken by ethylene to
reduce the concentration of ABA.

The inhibitory effect of ethylene on ABA is clearly a specific adaptation
of R. palustr is (and presumably other species of Rumex that elongate faster
underwater), as submergence of the submergence-intolerant R. acetosa, a
species related to R. palustris but incapable of enhanced submergence-induced
elongation, does not lead to a decrease in ABA (Chapter 2). However, ABA is
still a negative regulator of enhanced growth even in R. acetosa.This is apparent
from finding that fluridone treatment permits enhanced underwater extension
growth in submerged R. acetosa that is never seen in plants that were not given
fluridone (Chapter 2). In contrast, air-grown R. acetosa does not show
enhanced elongation upon fluridone treatment. Since pre-treatment with the
ethylene action inhibitor 1-MCP does not prevent underwater elongation in
fluridone-treated R. acetosa, there must be a submergence signal other than
ethylene that stimulates the petioles of R. acetosa to extend rapidly.Whatever
the signal eventually proves to be, it is seemingly inactive in R. palustris, where
submergence-induced elongation can be inhibited fully by 1-MCP.

A B A  r e s t r i c t s  e n h a n c e d  b i o s y n t h e s i s  o f  G A 1

In R. palustr is, submergence induces an up-regulation of the
concentration of GA1.This up-regulation results predominantly from increased
transcription of RpGA3ox1, a gibberellin biosynthesis gene the product of
which catalyses the final enzymatic step to form GA1 (Chapter 4). The up-
regulation of GA1 can be mimicked by applying ethylene to air-grown plants
(Rijnders et al., 1997), whereas externally applied ABA inhibits the increase
in GA1 through the inhibition of the expression of RpGA3ox1 (Chapter 4).
In addition to this process, sensitivity to GA is increased in submerged plants.
This increase can also be induced by applied ethylene (Rijnders et al., 1997),
but is not regulated by ABA (Chapter 4).
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The mode of action of ABA is, however, not only through an inhibition
of GA biosynthesis. Submergence-induced elongation starts with a strong
enhancement of growth after a lag phase of only 2 h. ABA is clearly capable
of inhibiting growth during this period (Chapter 4). In contrast, enhanced
petiole extension during the first few hours of submergence is independent
of GA.The initial enhancement of growth is neither influenced by inhibitors
of GA biosynthesis nor by the application of external GA (Chapter 4).
Furthermore, the concentration of GA1 in petioles does not increase during
this period (Chapter 4). So, the inhibitory action of ABA during the first phases
of the enhanced growth process is independent of GA (Fig. 1).

I n c r e a s e d  a c t i v i t y  o f  e x p a n s i n s  i n  s u b m e r g e d  p l a n t s

Treatment with fluridone enhanced the elongation response in
submerged plants (Chapter 2), while it failed to enhance elongation growth
in air-grown plants.This indicates that the enhanced elongation response is
not simply a consequence of a decrease in ABA levels, but additional signals,
independent of ABA, are required for enhanced growth.

Submergence induces apoplastic acidification and an increase in
expression of the expansin gene RpEXP1 (Chapter 5,Vreeburg, 2004). The
cell wall loosening action of RpExp1 was proposed to regulate the initiation
of submergence-induced petiole elongation of R. palustris (Vreeburg, 2004).
Transcript levels of RpEXP1 are up-regulated within 2 h of submergence.
Additionally, acid-induced extension (AIE) of the cell wall, a proposed measure
for expansin activity, was found to coincide with the onset of enhanced
elongation (Vreeburg, 2004). Parallel to this, submergence induces an
acidification of the apoplast of petiole cells, mediated by an increase in H+

efflux activity (Chapter 5). This acidification process is an important
component of the elongation response as it facilitates the action of cell wall-
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loosening proteins, such as RpExp1.This is also illustrated by the observation
that an alkalinisation of the petiole apoplast (through the injection of a 50
mM succinate buffer at pH 6 into the petiole) inhibited extension growth in
submerged plants (Chapter 5).

Regulation of RpExp1 transcription and apoplastic acidification are
inhibited in submerged plants that were pre-treated with 1-MCP, showing that
both processes are regulated by the submergence-induced accumulation of
ethylene (Vreeburg, 2004, Chapter 5). In contrast, transcription levels of
RpExp1 are not decreased in plants submerged in a solution containing ABA
(Vreeburg, 2004). The submergence-induced apoplastic acidification is also
independent of ABA as it takes place prior to a decrease in ABA concentration,
and externally applied ABA fails to inhibit the acidification (Chapter 2 and
5). Thus, in the signal transduction pathway of submergence-induced
elongation, apoplastic acidification and RpEXP1 expression are placed
downstream of ethylene, but parallel to ABA (Fig. 1).

A u x i n

A second ABA-independent regulatory pathway could involve the
growth-promoting hormone auxin (Fig. 1). Submergence causes a lateral
redistribution of auxin towards the outer cell layers of the petiole on both the
ab- and the adaxial side in R. palustris (Cox, 2004). A similar redistribution of
endogenous auxin was proposed by Morelli and Ruberti (2000; 2002) to
function in shade-induced stem elongation of seedlings in Arabidopsis. In their
model, auxin is translocated laterally from the vasculature to the outer cell
layers where it induces cell elongation. In R. palustris, the timing of a similar
auxin redistribution corresponds with the kinetics of hyponastic growth and
the kinetics of petiole elongation, suggesting a cause-and-effect relationship.
Removal of auxin, either by the application of the auxin transport inhibitor
NPA or removal of the leaf blade, significantly delayed the lag phase for
elongation and hyponastic growth (Cox, 2004), an effect that could be rescued
by the synthetic auxin 2,4-D. However, the de-blading treatment only resulted
in a transient inhibition of underwater elongation growth: after 24 h of
submergence, the total length increase in de-bladed plants was not smaller than
that of submerged controls, despite the significantly reduced concentration of
auxin in the petioles of de-bladed plants that lasted throughout the entire
treatment period (Cox, 2004). Auxin was shown not to influence transcription
of the expansin RpEXP1 (Vreeburg, 2004), but apoplastic acidification may
very well be affected by this hormone.
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S u b m e r g e n c e - i n d u c e d  h y p o n a s t i c  g r o w t h

H y p o n a s t i c  g r o w t h  i n  R u m e x  p a l u s t r i s  

Hyponastic growth is an important component of the underwater escape
mechanism in R. palustr is. It involves a re-orientation of the leaves from a
near-horizontal to an almost vertical position. In shallow water layers,
hyponastic growth alone may be sufficient to allow leaf tips to regain contact
with the air. Hyponastic growth depends on ethylene as the entire response
can be mimicked in plants treated with saturating levels of ethylene (5 µL L-1),
while pre-treatment with 1-MCP, an inhibitor of ethylene perception, partially
inhibits the response. The response is also regulated by ABA. Application of
this hormone to submerged plants inhibits hyponastic growth, while pre-
treatment with fluridone induces an enhanced hyponastic response in
submerged or ethylene-treated plants (Chapter 3). Furthermore, the hyponastic
response is dependent on auxin. Hyponasty is reduced in plants treated with
the auxin transport inhibitor NPA, and restored in plants given NPA together
with the synthetic auxin 2,4-D (Cox, 2004).

Hyponastic growth implies a faster elongation rate in the abaxial cells
compared to the adaxial cells, and is therefore thought to require an
asymmetrical distribution of a cell wall loosening factor. In R. palustr is, a
significant increase in AIE was indeed shown in the abaxial side of submerged
petioles, but not in the adaxial side (Vreeburg, 2004).These observations were
made in plants submerged for more than 6 h and in leaves that were artificially
kept horizontal. Despite this, the result does suggest that hyponastic growth
may act via a differential redistribution of AIE.

The regulation of hyponastic growth in R. palustr is is not yet fully
understood. Submergence of R. palustr is did not induce a differential up-
regulation of RpEXP1 (Cox, 2004) between adaxial and abaxial sides of
submerged petioles, indicating that the difference in AIE is the result of an
alternative, but pH-related, regulatory mechanism.This mechanism does not
seem to involve auxin. Although auxin is redistributed in submerged petioles,
submergence did not induce a asymmetrical accumulation of auxin between
the adaxial and the abaxial side of the petioles (Cox, 2004).The differential
growth process involves the sensing of gravity, and it does not involve a
naturally higher sensitivity to auxin or other stimuli in the abaxial cells, or a
larger deposition of cell-wall loosening proteins on the abaxial side of the
petiole in non-submerged plants. This is apparent from tests showing that
submergence causes enhanced growth of adaxial cells in plants that are held
up-side down (our unpublished results).Therefore, in addition to a symmetrical
redistribution of auxin and a decrease in ABA, an asymmetry of, yet unknown,
growth-regulating factors must be present, or develop (induced by

G e n e r a l  d i s c u s s i o n • 1 0 7



submergence, possibly via ethylene) across the petiole base.As a limited amount
of hyponastic growth (but not enhanced elongation; Cox 2004, Chapter 2) is
also observed in plants pre-treated with 1-MCP, this signal may even be
partially independent of ethylene (Fig. 1).

H y p o n a s t i c  g r o w t h  i n A r a b i d o p s i s  t h a l i a n a

Arabidopsis thaliana responds to ethylene (5 µL L-1) with a hyponastic
growth response (Millenaar et al., unpublished). This process is thought to
consist of enhanced cell extension on the abaxial side of the petiole. The
magnitude of this response varies strongly between accessions; Columbia-0
(Col) showing strong hyponastic growth upon exposure to ethylene and
Landsberg erecta (Ler) showing little hyponasty. Petiole angles in both these
accessions were influenced by ABA. When ABA biosynthesis was inhibited
(either in mutants impaired in ABA biosynthesis or wild-type plants treated
with fluridone) petiolar angles increased to a more vertical stance. In contrast,
the application of ABA or enhanced ABA signalling induced a decrease in
angle.

The interactions between ABA and ethylene contrasted between the two
accessions. For example, application of ABA or fluridone was significantly less
effective in altering ethylene-induced growth in Ler than in Col. Furthermore,
ABA biosynthesis or sensitivity mutants generally showed a relatively weak
and transient response in Ler (with the exception of abi3) as opposed to the
strong enhancements of growth observed in Col.This suggests that ABA affects
ethylene-induced hyponastic growth differently in these accessions and that
contrasting interactions between ethylene and ABA may -at least partially-
explain the difference observed in the ethylene-induced hyponastic responses.
In contrast to R. palustr is, ethylene did not decrease ABA in petioles of
ethylene-treated plants of either accession of Arabidopsis. However, ethylene
did increase the transcript abundance of ABI1, a negative regulator of ABA
signal transduction, in Col plants treated with 5 µL L-1 ethylene for 3 h.

Although ethylene does not induce a strong hyponastic growth response
in Ler, this accession does show strong hyponastic growth upon spectral-neutral
shading (Millenaar et al,. unpublished).This indicates that Ler possess all the
components required for strong hyponastic growth, but that this response is
not triggered by ethylene. It would therefore be interesting to investigate
whether either ABA biosynthesis or ABA signalling, or both, are affected in
Col and Ler plants upon shading.

A B A  a c t s  i n d e p e n d e n t  o f  e t h y l e n e  o n  h y p o n a s t i c  g r o w t h

ABA is able to influence leaf angles in R. palustr is and A. thaliana in
the absence of applied ethylene: in both species the treatment with fluridone
seems to increase the natural angle of the petioles to a more vertical stance.
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In agreement with this, ABA deficient mutants of A. thaliana also have
increased petiole angles, whereas externally applied ABA induces a decrease
in angle in these species. However, this effect of ABA on the natural angle may
not be completely independent of ethylene.An increase in ethylene production
was observed in the ABA-deficient aba2 mutant in A. thaliana and in water-
stressed maize roots treated with fluridone (Sharp and LeNoble, 2002; LeNoble
et al., 2004), indicating that the more vertical angle observed in fluridone-
treated plants could be the result of a partially activated ethylene-induced
response and not a direct effect of ABA. However, in R. palustr is petiole
elongation was shown to be enhanced upon ethylene levels as low as 0.05 µL
L-1 (Banga et al., 1996). An enhancement of ethylene biosynthesis in ABA
deficient plants should therefore also be reflected in an enhancement of
elongation growth, but this was not observed in fluridone-treated plants prior
to submergence (Chapter 2). Furthermore, treatment with fluridone in both
R. palustr is and A. thaliana resulted in maximum petiole angles that were
significantly more vertical than non-fluridone treated plants (Chapter 3 and
6). If a decrease in ABA is merely a proxy for enhanced ethylene, then fluridone
treatment should result in plants in which the ethylene-induced hyponastic
response is partially activated.The addition of saturating levels of ethylene to
these plants is then expected to yield a smaller change in petiole angle, but a
similar maximum angle compared to non fluridone-treated, wild-type plants.
The presence of increased angle changes and higher maximum angles in
fluridone-treated plants of both R. palustr is and A. thaliana suggest that the
observed effect of decreased ABA on the natural petiole angle is not merely
the effect of enhanced ethylene production in these plants.

S y n t h e s i s

We propose a model for the signal transduction pathway of
submergence-induced elongation in R. palustris, in which ABA acts as a crucial
negative regulator (Fig. 1). Submergence induces an increase in ethylene and
a redistribution of auxin within the petioles. Ethylene subsequently removes
the inhibitory effect of ABA, but also stimulates elongation by enhancing
expression of RpEXP1, by increasing apoplastic acidification and by increasing
the sensitivity of petiole tissue to GA. ABA negatively regulates the growth
process by inhibiting GA biosynthesis but also via a GA-independent route.
ABA also inhibits hyponastic growth by re-setting the natural petiole angle to
a more horizontal position, counteracting the effect of auxin. In R. acetosa,
submergence induces elongation via an alternative pathway, which is
independent of ethylene, but is also inhibited by abscisic acid.
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Neder landse  samenvatt ing

M o e r a s z u r i n g  a l s  m o d e l s y s t e e m

Moeraszuring (Rumex palustris) is een één- of tweejarige plantensoort
die vooral voorkomt op plekken die geregeld overstromen, zoals de
uiterwaarden van rivieren. Planten zijn afhankelijk van vrije uitwisseling van
gassen (zuurstof en koolzuurgas) met de atmosfeer. Deze uitwisseling (diffusie)
wordt bijna 10.000 keer vertraagd als planten onder water komen te staan.
Hierdoor ontstaat een tekort aan zuurstof en koolzuurgas in de plant, met als
gevolg dat deze afsterft.

Moeraszuring is op een aantal manieren aangepast aan regelmatige
overstromingen. De meest opvallende hiervan is het vermogen om bladstelen
versneld te laten strekken zodat de bladeren boven het wateroppervlak uit
groeien. Deze bladeren fungeren dan als “snorkels” en zorgen voor een herstel
van de gasuitwisseling tussen de atmosfeer en de delen van de plant die nog
onder water staan. De “strekkingsreactie” van Moeraszuring begint binnen
enkele uren nadat de plant onder water komt te staan en bestaat vrijwel
volledig uit strekking van cellen in de bladstelen. Een belangrijk aspect van
de strekkingsreactie is de zogenaamde “hyponastische groei”. Deze reactie
behelst het heroriënteren van de bladeren van een vlakke, horizontale positie
naar een bijna verticale positie. In ondiep water is deze hyponastische reactie
vaak al voldoende om de bladeren boven water uit te laten steken.



R e g u l a t i e  v a n  d e  s t r e k k i n g s r e a c t i e

Hormonen spelen in planten, net als in dieren een belangrijke rol bij de
regulatie van groei en ontwikkeling. Eén van deze hormonen, ethyleen, is
gasvormig en wordt geproduceerd in vrijwel alle organen in bijna alle
plantensoorten. Normaliter ontsnapt ethyleen naar de atmosfeer zodat de
concentratie binnen de plant laag blijft. Echter, op het moment dat planten
onder water komen te staan kan ethyleen, als gevolg van de vertraagde diffusie
onder water, niet meer uit de plant verdwijnen, zodat de concentratie in de
plant snel oploopt. Een verhoogde concentratie ethyleen in het weefsel is
daarmee een goede indicator voor overstroming.

De strekkingsreactie van Moeraszuring is helemaal afhankelijk van de
ophoping van ethyleen. Als planten worden behandeld met ethyleen (zonder
ze onder water te zetten) kan de strekkingsgroei helemaal worden nagebootst.
Aan de andere kant kan de strekkingsgroei worden stopgezet in planten die
wel onder water staan, maar zijn behandeld met chemicaliën die ervoor zorgen
dat er geen ethyleen meer gemaakt wordt, of die zorgen dat ethyleen niet meer
door de plant kan worden waargenomen.

Een ander hormoon dat deze strekkingsreactie beïnvloedt is het
hormoon gibberellinezuur (GA). GA is betrokken bij veel verschillende
groeiprocessen, en staat bekend als een hormoon dat groei-versnellend werkt.
In overstroomde Moeraszuring wordt de werking van GA versterkt doordat
de concentratie van GA toeneemt in het weefsel en daarnaast doordat de
gevoeligheid voor GA wordt verhoogd. Deze beide processen worden
veroorzaakt door de verhoogde concentratie ethyleen in de overstroomde
planten.

C o n t r a s t e n  t u s s e n  s o o r t e n

De strekkingsreactie van Moeraszuring is ook aanwezig in een aantal
andere zuringsoorten, maar niet in allemaal. Veldzuring (Rumex acetosa)
bijvoorbeeld, vertoont deze reactie niet. Deze soort is dan ook veel minder
goed bestand tegen overstroming. Hoewel Veldzuring een zeer algemene soort
is, komt deze niet of nauwelijks voor op plekken die regelmatig onder water
staan.

Veldzuring produceert ook ethyleen, en de concentratie hiervan neemt
toe in overstroomde planten van deze soort. Dit resulteert echter niet in een
toename van strekkingsgroei, of in een verhoogde concentratie van GA. Aan
de andere kant kan een groeiversnelling wel worden veroorzaakt in Veldzuring
als deze planten worden behandeld met GA. Dit duidt erop dat er een extra
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regulerende factor van de strekkingsreactie aanwezig is in Moeraszuring, maar
afwezig in Veldzuring, en dat deze factor betrokken is bij de manier waarop
ethyleen en GA elkaar beïnvloeden. Een mogelijke kandidaat voor deze
onbekende factor was het hormoon abscisinezuur.

A b s c i s i n e z u u r

In tegenstelling tot GA staat het hormoon abscisinezuur (ABA) bekend
als een groei-remmende factor. Tijdens de zaadkieming bijvoorbeeld werkt
ABA als een antagonist van GA: het remt kieming terwijl GA deze juist
stimuleert. Een dergelijk antagonisme tussen ABA en GA leek ook aanwezig
te zijn in de strekkingsreactie van rijst (Oryza sativa) als gevolg van
overstroming. In deze planten kan de strekkingsgroei worden geremd door
ABA toe te dienen. In overstroomde rijstplanten wordt de concentratie ABA
snel verminderd, een proces dat geïnduceerd wordt door ethyleen. Hoewel
niet helemaal duidelijk is hoe ABA precies de strekkingsgroei remt in
overstroomde rijstplanten, wordt gedacht dat de gevoeligheid voor GA in deze
soort wordt verlaagd door ABA. Daarmee kan het regulatiemechanisme van
de strekkingsreactie als een bijna lineaire keten worden beschreven: 1) ethyleen
hoopt op in overstroomde planten. 2) ethyleen zorgt ervoor dat ABA uit het
weefsel verdwijnt, waarmee de “rem” op de strekkingsgroei wordt opgeheven.
3) doordat ABA afwezig is wordt het weefsel meer gevoelig voor GA. Dit
laatste hormoon zorgt er vervolgens voor dat de strekkingssnelheid toeneemt.

Hoewel er significante verschillen zijn tussen de strekkingsreacties van
rijst en Moeraszuring, was het goed mogelijk dat ABA ook als een “rem” zou
werken op de strekkingsreactie in Moeraszuring. Of ABA inderdaad werkt als
een negatieve regulator van strekkingsgroei in overstroomde Moeraszuring en
op welke manier dat ABA dit proces beïnvloedt, was de centrale vraag voor
de experimenten in dit proefschrift.

H e t  m o d e l s y s t e e m  A r a b i d o p s i s

De zandraket (Arabidopsis thaliana of simpelweg Arabidopsis) is een soort
die voornamelijk voorkomt in relatief droge gebieden. De soort is niet tolerant
voor overstroming en sterft binnen enkele dagen nadat de plant onder water
komt te staan. Echter, wanneer een Arabidopsisplant wordt behandeld met
ethyleen vertoont deze een vergelijkbare reactie met Moeraszuring; de
bladeren heroriënteren zich van een horizontale naar een meer verticale stand
(hyponastische groei).
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Arabidopsis is een veelgebruikte modelplant in de (moleculaire) biologie.
De soort heeft een klein genoom, wat volledig in kaart is gebracht. Ook heeft
het een korte levenscyclus, en er zijn vele mutanten voorhanden in deze soort.
Hiernaast bestaan er binnen deze soort een groot aantal accessies, die zich
allemaal ietwat anders gedragen. Bijvoorbeeld, de accessie Columbia reageert
zeer sterk op ethyleen met een hyponastische groeireactie, terwijl de accessie
Landsberg erecta nauwelijks reageert. De verschillen tussen deze accessies
kunnen worden uitgebuit om te achterhalen hoe een bepaald regulatie-
mechanisme in elkaar steekt. De vele voordelen van Arabidopsis leidden ertoe
dat deze soort vrijwel altijd wordt gebruikt voor onderzoek waarbij
regulerende mechanismen in planten worden onderzocht op een moleculair-
genetisch niveau.

D o e l  v a n  d i t  p r o e f s c h r i f t

Het doel van de hier gepresenteerde experimenten is om aan te tonen
of en op welke manier het hormoon ABA betrokken is bij de door ethyleen
veroorzaakte strekkingsreactie in Moeraszuring en in Arabidopsis. Beide
soorten vertonen een vergelijkbare reactie op ethyleen, hoewel de onder-
liggende mechanismen mogelijkerwijs sterk van elkaar kunnen verschillen.

Hoofdstuk 2 beschrijft de rol van ABA in de strekkingsreactie van
overstroomde moeraszuringplanten. Het laat zien dat ABA inderdaad remmend
werkt op deze reactie. De strekkingsreactie kan volledig worden onderdrukt
als planten in aanwezigheid van ABA onder water komen te staan. De
concentratie ABA in de planten daalt binnen 1 uur na overstroming met 80%.
Dit proces bestaat uit een combinatie van een verminderde biosynthese van
ABA en een versnelde afbraak. Deze beide processen worden gereguleerd door
ethyleen. ABA kan dus worden gezien als een “rem” op de versnelde groei
onder water. De rol van ethyleen is dan om deze rem weg te nemen. Dit wordt
ook geïllustreerd in experimenten waarbij planten zijn behandeld met fluridon,
een remmer van de ABA biosynthese. In fluridon-behandelde planten is de
concentratie ABA verlaagd. Als deze planten vervolgens onder water worden
gezet, gaan de planten eerder groeien dan planten die zonder fluridon onder
water zijn gezet.

In Veldzuring is deze interactie tussen ethyleen en ABA niet aanwezig.
Deze plant gaat niet sneller groeien tijdens overstroming. De concentratie ABA
daalt ook niet in overstroomde veldzuringplanten. Echter, als Veldzuring wordt
voorbehandeld met fluridon treedt er opeens wel een versnelde groei op. Dit
duidt erop dat onderwatergroei in overstroomde veldzuringplanten wel
mogelijk is, maar dat deze wordt geblokkeerd door ABA.Aangezien Veldzuring
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geen mechanisme heeft om de concentratie ABA in het weefsel te laten dalen
wanneer de plant onder water staat, treedt deze versnelde groei normaal niet
op.

Hoofdstuk 3 gaat in op de regulatie van hyponastische groei in
Moeraszuring door ABA. Het laat zien dat dit proces, waarbij de bladeren
onder invloed van overstroming van een horizontale naar een verticale positie
verplaatsen, ook wordt geremd door ABA. In overeenstemming hiermee is de
hyponastische reactie versterkt in planten die voorbehandeld zijn met fluridon.
Echter, het bleek ook dat de behandeling met fluridon op zichzelf al zorgde
dat de bladeren verticaal kwamen te staan; een daling van ABA is dus al
afdoende om hyponastische groei te bewerkstelligen. Het regulatieproces van
hyponastische groei tijdens overstroming kan dan als volgt worden uitgelegd:
1) In overstroomde planten stijgt de concentratie ethyleen. 2) ethyleen zorgt
ervoor dat de concentratie ABA daalt. 3) Deze verlaging van ABA laat de
bladeren naar een verticale hoek verplaatsen.

Nu duidelijk is dat ABA een rol speelt bij de strekkingsreactie in
Moeraszuring, wordt de vraag gesteld op welke manier ABA deze groei remt.

Hoofdstuk 4 beschrijft de relatie tussen ABA en GA. Zoals gezegd is
GA een belangrijke stimulator van celstrekking. In overstroomde planten
verhoogt de concentratie van GA, terwijl ook de gevoeligheid van de plant
voor GA toeneemt. Om de rol van GA en de interactie tussen GA en ABA
beter te kunnen bestuderen zijn de genen die coderen voor de enzymen die
GA synthetiseren gekloneerd. De resultaten laten zien dat de mRNA-expressie
sterk toeneemt in overstroomde planten.Verder blijkt dat de strekkingsreactie
bestaat uit een aantal verschillende fasen. De eerste fase (tussen 0 en 6 uur na
overstroming) bestaat uit een snelle stijging van de groeisnelheid. Deze fase
wordt gereguleerd door ABA, maar is onafhankelijk van GA, omdat de groei
niet verandert als de concentratie GA in het weefsel kunstmatig wordt
verhoogd of verlaagd. Na deze eerste fase is de strekkingsgroei wel afhankelijk
van GA. Dit is ook de periode waarin de concentratie GA in het weefsel
toeneemt. Deze toename van GA kan alleen plaatsvinden als de concentratie
ABA in het weefsel is verlaagd, omdat de hiervoor noodzakelijke toename in
mRNA-expressie van de GA-biosynthese genen niet plaatsvindt in de
aanwezigheid van ABA. In tegenstelling tot de verwachting heeft ABA geen
effect op de gevoeligheid voor GA.

Hoofdstuk 5 gaat in op de regulatie van de zuurgraad (pH) in de
celwand van overstroomde Moeraszuring. Groei van de bladstelen kan alleen
plaatsvinden als de celwanden uitrekken. In de celwand zijn eiwitten aanwezig
die hiervoor kunnen zorgen. Deze eiwitten (expansines) zijn voor hun
functioneren afhankelijk van de zuurtegraad in de celwand; bij een lage pH
zijn de eiwitten actiever en zal de celwand sneller strekken. De resultaten laten
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zien dat, als de pH van de celwanden in Moeraszuring kunstmatig wordt
verlaagd (doordat een zure buffer in de bladstelen wordt geïnjecteerd), de
bladstelen gaan strekken. Aan de andere kant kan strekking worden opgeheven
als de bladstelen met een buffer met hoge pH worden geïnjecteerd. In planten
die onder water staan daalt de pH van de celwanden. Dit proces is afhankelijk
van ethyleen. De rol van ABA in dit proces is ook onderzocht. ABA staat erom
bekend dat het verzuring kan remmen. Er kan dus worden verwacht dat het
verzuringsproces niet kan plaatsvinden als ABA aanwezig is. Dit blijkt echter
niet het geval; de verzuring vindt ook plaats als ABA in overmaat aanwezig is.

In hoofdstuk 6 wordt bekeken of de interactie tussen ABA en ethyleen,
zoals is aangetoond in Zuring, ook aanwezig is in het proces van hyponastische
groei in Arabidopsis. Deze interactie wordt mede onderzocht door gebruik
van mutanten die minder ABA produceren, of die verminderd of juist versterkt
gevoelig zijn voor ABA. De ethyleen-gestuurde hyponastische groei in
Arabidopsis wordt geremd door ABA. In mutanten die verminderd ABA
produceren of verminderd gevoelig zijn voor ABA is de hyponastische groei
versterkt. Aan de andere kant is deze reactie geremd in mutanten die
overgevoelig zijn voor ABA. In tegenstelling tot Moeraszuring, remt ethyleen
niet de biosynthese van ABA in Arabidopsis. Ethyleen remt echter wel de
gevoeligheid van het weefsel voor ABA. Dit komt waarschijnlijk doordat
ethyleen de mRNA expressie verhoogt van het gen ABI1. Dit gen werkt als
een rem op de gevoeligheid van het weefsel voor ABA.Als er meer ABI1 wordt
geproduceerd, wordt het weefsel minder gevoelig voor ABA. Aangezien ABA
weer als een rem werkt op de hyponastische groei, zal de toename in ABI1
erin resulteren dat de remmende werking van ABA wordt opgeheven zodat
de groei kan plaatsvinden.
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