ADVENTITIOUS ROOT FORMATION
IN FLOODED PLANTS

Eric J.W. Visser

УгЛК

Adventitious root formation in flooded plants

Adventitious root formation in flooded plants

een wetenschappelijke proeve
op het gebied van de Natuurwetenschappen

Proefschrift
ter verkrijging van de graad van doctor
aan de Katholieke Universiteit Nijmegen,
volgens besluit van het College van Decanen
in het openbaar te verdedigen op
woensdag 29 november 1995
des namiddags te 3.30 uur precies

door

Eric Jan Willem Visser
geboren op 29 juli 1966 te Spijkenisse

Promotor:

Prof. Dr. С.W.P.M. Blom

Co-promotores:

Dr. L.A.C.J. Voesenek
Dr. Ir. G.W.M. Barendse

ISBN 90-9008887-3

Contents
Abbreviations

6

Voorwoord / Acknowledgements

7

Chapter 1: General introduction

9

Chapter 2: Flooding-induced adventitious rooting in Rumex:
morphology and development in an ecological perspective

19

Chapter 3: Regulatory role of auxin in adventitious root formation in two
species of Rumex, differing in their sensitivity to waterlogging

35

Chapter 4: Ethylene accumulation in waterlogged Rumex plants:
a prerequisite for adventitious root formation

49

Chapter 5: An ethylene-mediated increase of sensitivity to auxin induces
adventitious root formation in flooded Rumex palustris plants

65

Chapter 6: Growth of primary lateral roots and adventitious roots during
conditions of hypoxia and high ethylene concentrations

79

Chapter 7: Summary and general discussion

93

Samenvatting / Dutch summary

105

List of scientific publications

111

Curriculum vitae

113

Abbreviations
ACC
AIB
AVG
IAA
1-NAA
2-NAA
NPA
PPFD
SE

1-aminocyclopropane-l-carboxylic acid
α-aminoisobutyric acid
L-a-(2-aminoethoxyvinyl)-glycine
indoleacetic acid
1-naphthaleneacetic acid
2-naphthaleneacetic acid
N-1-naphthylphthalamic acid
photosynthetic photon flux density
standard error

Voorwoord / Acknowledgements

7

Voorwoord / Acknowledgements
Het leven van een wetenschapper is een lolletje... Of in ieder geval: het doen van onderzoek
is geweldig! Ik denk dat veel collega's dat in ieder geval met mij eens zijn. Dit boekje kan
helaas geen complete indruk geven van al het plezier bij geslaagde experimenten, de soms
toch ook frustrerende tegenvallers, de gewaardeerde afdelingsgenoten, de lange en vooral
bonte stoet studenten die al dan niet aan dit onderzoek meewerkten, alle taarten en
aanverwante baksels die op tafel kwamen, de rommel op mijn bureau, de stress op het
einde....
Voor sommige mensen mag dit boekje saai lijken, zo zonder foto's en ook nog in het
Engels, en zij zullen niet veel verder komen dan dit voorwoord. Dat geeft niet, want
eigenlijk schrijf je een proefschrift ook niet in de eerste plaats voor anderen, maar voor
jezelf. Natuurlijk hoop je dat het zijn weg vindt in de vakliteratuur, en dat andere
wetenschappers er geïnteresserd in zullen bladeren en er mogelijk zelfs ideeën uit op doen.
Maar de eigenlijke reden van het schrijven is het feit dat een proefschrift een mooie
afronding is van vier jaar onderzoek, waar je eigenlijk best wel een beetje trots op bent. Er
zijn echter meer mensen die een beetje trots mogen zijn op dit boekje, en dit voorwoord is
vooral voor hen bedoeld.
Allereerst denk ik dat de begeleiders, Kees Blom en Rens Voesenek, en wat meer op de
achtergrond, Gerard Barendse, een uitstekende taak hebben verricht. Hun sturende en
adviserende werk was waarschijnlijk nog meer onmisbaar dan ik zelf realiseer. Een afdeling
zonder gezellige medewerkers is ook niks, dus ik wil hier iedereen even noemen: naast
bovenstaande mensen. Carlo, Francis, Gerard, Harry, Jan, Jeannette, Jos, Karin, Minke, Paul,
Ruud, Theo, Willem, Wim en de José's. Jan en Minke, zonder jullie waren sommige
congressen vast een stuk saaier geweest. Gerard, extra bedankt voor het werk aan het vierde
hoofdstuk, en Ruud en Wim voor het werk aan hoofdstuk 6 (en Ruud ook nog aan hoofdstuk
4). Harry, jouw laatste kritische blik op manuscripten en drukproeven leerde mij de
relativiteit van een "stuk dat af is". Francis, naar Dukenburg fietsen is samen inderdaad
gezelliger dan alleen. Theo, jouw hulp was bij het bouwen van de hydrocultuur onmisbaar,
en José A en B, niet alleen bedankt voor de administratieve hulp, maar ook voor de
gezellige onderbrekingen van een alledaagse werkdag. Verder aan alle andere
afdelingscollega's: bedankt voor alle hulp, het meedenken en vooral het vormen van een
geweldig team!
En dan natuurlijk "mijn" studenten: zonder jullie had ik het zeker niet voor elkaar gekregen!
Mirjam van Heesch, Elvera Pennings, Clementine Heijink, Corina Schoormans, Corine van
der Weele, Yvonne Wilms, Karen van Hout, Sonja Willems, en jawel, ook een aantal
studenten: Wim Poels, Paul van den Hooge, Pim Koelma, Dick van Piggelen, en (nog een
keer) Ruud Nabben. Vrijwel iedereen zal in ieder geval iets van zijn of haar werk
terugvinden in dit boekje, is het niet als door hem of haar zelf uitgevoerde proeven, dan toch
als resultaten die indirect een gevolg zijn van jullie experimenten.
I would also like to acknowledge Prof. Jerry Cohen and his lab-workers for giving me the

8

Voorwoord / Acknowledgements

great opportunity to perform the crucial IAA measurements in Chapter 5, and especially
thank the Cohen family for their hospitality during my weeks in Beltsville. I definitely hope
to return some time in the near future.
Een woord van bewondering voor de diverse technische diensten, die enkele fraaie staaltjes
van glasbewerking, cuvettenbouw, illustratie en fotografie afleverden. Datzelfde geldt voor
Gerard van de Weerden en zijn kas-personeel, waarbij het kunststukje het laten draaien van
alle kas-faciliteiten betreft. Ook Dr. Gerard Nefkens en Dr. Ton Croes moeten hier genoemd
worden voor de belangeloze terbeschikkingstelling van de voor dit proefschrift erg
belangrijke stofjes NPA en radioactief NAA.
NWO verstrekte subsidies voor verschillende lab- en symposiabezoeken.
Lucie, bedankt voor je support, vooral tijdens de laatste weken, toen ik niet altijd evenveel
aandacht aan andere zaken dan het proefschrift kon besteden. Alle familie en vrienden die
(soms wat bezorgd) vroegen hoe het ging met het onderzoek en met het proefschrift: je ziet
het, het is gelukt! Bedankt voor het meeleven!

Eric

Chapter 1
General introduction

General introduction

11

General introduction
Effects of flooding on plants and their environment
Flooding is a world-wide occurring event that has a major impact on both the natural
vegetation and agricultural crops. The strong effect on plant growth may be explained by the
variety of stresses that accompany flooding of plants. During waterlogging (i.e. submergence
of the soil and root system), air spaces in the soil fill with water, which delays diffusion of
gases between the atmosphere and the rhizosphere and roots (Jackson 1995). These
conditions result in a fast accumulation of gases produced in the soil and roots, and a
decrease in oxygen concentrations. Oxygen deficiency in the roots, slowing down metabolic
rates, is therefore one of the most important stresses for plants under waterlogged conditions
(e.g., Trought and Drew 1980, Jackson and Drew 1984). These reduced metabolic rates may
not be sufficient to support root growth and can result in a reduced overall growth rate and,
in extreme cases, cell death.
Besides the direct effects of waterlogging on root metabolism, also effects on the nutrient
status of the plant can be observed. The nutrient availability in the soil changes drastically
upon flooding. Although many nutrients are mobilized by the surplus of water, nitrogen
concentrations decrease due to denitrification of nitrate into gaseous nitrogen and nitrogen
oxide (Patrick Jr. and Tusneem 1972). Additionally, reduction of metal ions such as Fe3+ and
Mn2+, which are normally bound at the soil matrix, results in the formation of soluble ions
(Fe2+, Mn+) that are highly toxic for the plant (Ponnamperuma 1984, Ernst 1990). Reduction
of sulphate leads to the formation of hydrogen sulphide (Emst 1990), another toxic
compound for plant tissues. Additionally, growth of aerobic rhizobacteria that normally
increase the availability of nitrate in the rhizosphere, is greatly affected by hypoxic or anoxic
conditions (Blacquière 1986). Of course, oxygen-deficient conditions also negatively
influence the active uptake of nutrients such as nitrate and potassium by the roots (Veen
1989), resulting in reduced nutrient levels in both roots and shoot (Orchard et al. 1986, Laan
et al. 1989b).
When water levels are so high that not only the roots but also shoots are submerged, even
more stress factors play a role in the effects of flooding on the plant. Photosynthesis under
water is reduced by the lower light intensity (especially in turbid water, Holmes and Klein
1987) and the low carbon dioxide availability (Madsen and Breinholt 1995). Oxygen stress
now also affects the shoot directly, and in conditions of running water mechanic stress to the
above-ground plant parts may occur.

Adaptations of plants
Many plants that origin from frequently flooded habitats have developed a variety of
adaptations to survive the adverse conditions of flooding (for a recent review, see Armstrong
et al. 1994). Some important adaptations are the timing of the plant's life cycle in between

12

Chapter 1

two floods or after the winter floods (discussed in Voesenek 1990, Van der Sman 1992), the
induction of anaerobic proteins (ANPs) that enable the plant to switch from aerobic to
anaerobic respiration (for recent reviews and research papers see for instance Kennedy et al.
1992, Andrews et al. 1993, Bucher and Kuhlemeier 1993, Perata and Alpi 1993, Peschke
and Sachs 1994, Rivoal and Hanson 1994) and a number of changes in anatomy and
morphology. The latter type of adaptations will be dicussed below.
A very important anatomical adaptation of plants to flooding is the presence or de novo
formation of aerenchyma in roots and shoots (Armstrong 1979, Kawase and Whitmoyer
1980, Gaynard and Armstrong 1987, Justin and Armstrong 1987). Many wetland plants
possess stems and leaves that contain large central or smaller cortical air spaces (Schuette et
al. 1994). Also the cortical parenchyma of the roots often consists of aerenchymatous tissue
(Konings and Verschuren 1980, Justin and Armstrong 1987, Konoalová 1990). This
aerenchyma provides an interconnected system of air channels, through which gases can
diffuse between plant organs that emerge above the water surface and submerged plant parts.
Some plant species develop particularly fast growing leaves, petioles or internodes during
total submergence (e.g., Ku et al. 1970, Naidoo et al. 1992, reviewed by Ridge 1987). This
strategy enables the plant to protrude above a shallow layer of water and thus restore the
contact between its aerenchymatous shoot tissues and the atmosphere. However, although
terrestrial and semi-terrestrial plants may have some air channels in the leaves and petioles,
most of these plants possess very thin lateral roots with a very low porosity (i.e. percentage
air per volume of root tissue)(Justin and Armstrong 1987). Consequently, the shoot probably
can survive a substantial period of flooding and even reach the surface of the flood water,
but the primary lateral roots (i.e. the normal lateral root system that is formed under drained
conditions) deteriorate. Only species that either already have aerenchymatous roots, or
develop socalled 'adventitious' roots during the first days of flooding will survive prolonged
periods of waterlogging or partial submergence.
Adventitious roots usually grow on the basis of the shoot, the hypocotyl and upper part of
the tap root and on stem nodes. Although these roots usually contain a considerably higher
amount of aerenchyma than is found in the primary lateral roots, even this higher porosity
may in some species not be sufficient to prevent severe damage to the root tips.

Rumex as a model for flooding research on plants
Species of the genus Rumex can be found in river floodplains in most parts of the world. In
the forelands of the river Waal (the Netherlands), several species are distributed over a wellcharacterized gradient that ranges from the highly elevated and rarely flooded upper parts of
dykes and river levees to the low, often flooded mud flats and beaches close to the river
(Blom et al. 1990, Chapter 2). Blom and co-workers compared the responses of Rumex
species from regularly flooded habitats with species from less often flooded sites and found
a correlation between the efficiency of the adaptations of a species and the flooding
frequency in its habitat (Blom et al. 1990, Blom et al. 1994).
Rumex species of the low elevated parts of the floodplain, such as R. palustris, can delay the
germination of their seeds till after the predictable winterfloods (Voesenek and Blom 1992).
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Also, when vegetative plants of this biennual species did not reach a sufficiently large size
in summer, flowering was postponed till the following year (Van der Sman et al. 1993b).
Respiratory adaptations have been studied in three species that occupy different positions in
the flooding gradient. Increases in the activity of ADH, PDC and LDH were found in all
species, but the strongest induction was shown in R. maritimus, a flooding-resistant species
(Laan 1990). Additionally, the amount of ethanol produced after a period of hypoxia was
considerably higher in roots of intermediate and resistant species, compared to those of
sensitive species (Voesenek et al. 1993). This indicates that anaerobic fermentation might be
of significant importance during a short-term period of flooding or during winter floods,
when low temperatures prevent high metabolic rates. However, long-term survival in Rumex
during the growing season will usually depend on the development of anatomical and
morphological avoidance mechanisms.
Shoot elongation has only been found in Rumex species of low and intermediately situated
zones, and was most pronounced in petioles of the wetland-species R. palustris and R.
maritimus (Voesenek and Blom 1989, Van der Sman et al. 1993a). Flooding-induced growth
was absent in petioles and leaves of R. acetosa, which is a species from rarely flooded
habitats on river dykes (Voesenek and Blom 1989), and R. acetosella, which only occurs on
dry sandy substrates (Banga et al. submitted). Also the amount of aerenchyma in the primary
lateral roots was much higher in flooding-resistant species than in intolerant species (Laan et
al. 1989a). With regard to the formation of adventitious roots, all species developed this type
of roots, although the number and length of these roots varied greatly between species. The
resistant species R. maritimus formed large numbers within three weeks, whereas a floodingintolerant species like R. thyrsiflorus only developed about one fourth of this number of
roots (Laan et al. 1989a, Laan et al. 1991). The porosity of the adventitious roots was in
three species from differing habitats always higher than the porosity of primary laterals. The
flooding-intolerant species, however, only showed some increase in the diameter of the
intercellulair spaces, while roots of the species from the intermediate and low zones
developed a true aerenchymatous cortex, which can be classified as a schizogenous
honeycomb-type of aerenchyma (Justin and Armstrong 1987). Consequently, the porosity in
adventitious roots of flooding-resistant species was much higher than in roots of floodingintolerant species. Engelaar et al. (1993) found a similar contrast between two other Rumex
species differing in flooding sensitivity, the flooding-intolerant R. acetosa and the floodingresistant R. palustris.
The examples presented above clearly show that different species from the same genus can
differ very much in the adaptations they develop upon flooding. The combined set of the
adaptations appears to determine if a species can survive in a frequently flooded habitat.
However, there is no strict separation between resistance and intolerance to flooding, since a
large number of intermediate responses can be found. To understand the mechanisms that
cause this variation in responses, recently an extensive survey has been set up that includes
both resistant and intolerant Rumex species and aims to explain the range of different shoot
elongation responses to flooding. It was shown that the gaseous hormone ethylene played a
decisive role in the onset of flooding-induced shoot elongation (Voesenek and Blom 1989,
Voesenek et al. 1990, Van der Sman et al. 1991). Ethylene accumulated in the submerged
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shoot tissues due to physical entrapment, and strongly enhanced petiole growth (and to a
lesser extent leaf growth) (Voesenek et al. 1993a). Differences between species were
investigated and could be attributed to the specific sensitivity of each species to ethylene
(Banga et al. submitted). Also, very recently low oxygen concentrations (unpublished results
of LACJ Voesenek, University of Nijmegen) and changes in gibberellin concentrations were
shown to have a regulating role in the elongation process (unpublished results of JGHM
Rijnders, University of Nijmegen, the Netherlands).
Up to now, a similar study that focuses on the differences in adventitious root formation
between flooding-resistant and intolerant plant species has not been performed yet. We even
lack a clear view on the endogenous factors that are responsible for the initiation of
adventitious roots. Auxin has been proposed to play an important role, but strong evidence is
still missing (Kramer 1951, Phillips 1964, Wample and Reid 1979).

Aim of this thesis
The main goal of this thesis is to understand the endogenous factors that induce the
formation of adventitious roots under flooded conditions. This may lead to a better insight
into the differences between plant species in the extent of adventitious rooting. Also, the
effectiveness of aerenchyma with respect to the diffusion of gases from the shoot to the
flooded adventitious roots and vice versa, was determined. Two Rumex species contrasting in
sensitivity to flooding and adventitious root formation were used for most of the
experiments. R. palustris is a species capable to develop many adventitious roots, and grows
at low elevated sites in the river forelands, being particularly well resistant to flooding. R.
thyrsiflorus, on the other hand, forms only a few adventitious roots when flooded, and
origins from sandy river levees with a low occurence of flooding.
Chapter 2 describes the differences in adventitious root formation between a number of
Rumex species, which all occur in the floodplains of the main Dutch rivers. Details on the
number of roots, the morphological and anatomical characteristics and the time course of
root formation are given, and the relevance of these parameters is discussed with regard to
the natural habitat of the species.
Chapter 3 and Chapter 4 show the roles of auxin and ethylene, respectively, in the process
of flooding-induced adventitious rooting in two Rumex species, contrasting in their
sensitivity to flooding, and also discuss the possible explanations for the difference in root
formation between these species. Chapter 5 provides evidence for an interaction between
auxin and ethylene, and concludes with a model describing the involvement of both
hormones in the induction of adventitious root formation.
Finally, the functionality of adventitious roots with respect to internal aeration and
ventilation of endogenously produced gases is described in Chapter 6, in which experiments
are shown that determined growth of primary lateral and adventitious roots under various
concentrations of oxygen and ethylene. Also diffusion characteristics within a single
adventitious root are discussed.
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Plate 1. Upper plate: Rumex palustris plants in their natural habitat. Lower plate: two R. palustris
plants of which the root systems were rinsed with water to demonstrate the adventitious root
formation (left plant from non-flooded site, right plant from soil-flooded site).
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Flooding-induced adventitious
rooting in Rumex: morphology
and development in an
ecological perspective

Morphology and development of adventitious roots
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Flooding-induced adventitious rooting in Rumex: morphology and
development in an ecological perspective
Summary
The formation of aerenchymatous adventitious roots is a morphological acclimation to soil
flooding in many wetland plants The large air spaces in these roots facilitate the diffusion of
gases between shoot and root This study investigated adventitious root formation in species
of the genus Rumex, and related the differences between species to the natural habitat of the
species Large differences in both the number and the morphology of the adventitious roots
were found between closely related species R hydrolapathum, a species of almost
permanently waterlogged soils, showed only a slow growth of adventitious roots, but these
roots were extremely porous and very thick R palustris, which is very frequently but not
permanently flooded, developed a large number of adventitious roots with a high content of
aerenchyma On the other hand, adventitious rooting in R thyrsiflorus and R acetosa, which
are species of dry and rarely flooded habitats, was rather poor and the adventitious roots
contained only very little air space A group of species occurring in regularly flooded
grasslands (R cnspus, R conglomeratus and R obtusifolius) showed an intermediate
response to soil flooding Two contrasting species, R palustris and R thyrsiflorus, showed
emergence of adventitious roots within 2 days after the onset of waterlogging Although the
time of onset of adventitious rooting was similar in these two species, the primary lateral root
system of R palustris was completely replaced by adventitious roots in one week,
independently of the age of the plants In contrast, the biomass of adventitious roots in R
thyrsiflorus after one week of flooding was never more than one third of the biomass of the
primary lateral root system We concluded that the ability of species to form adventitious
roots during flooded soil conditions and the adaptive characteristics of these roots were very
closely related to the flooding frequency of these species in their natural habitat Differences
in adventitious rooting between species mainly occurred in the number, growth rate,
morphology and anatomy of the roots, and not in the timing of emergence

Key words:

adventitious roots - aerenchyma - flooding - Rumex - waterlogging - zonation

Introduction
Adventitious rooting in plants has long been recognized as a response to survive prolonged
periods of soil flooding or waterlogging (Kramer 1951, reviewed by Jackson and Drew
1984) During waterlogging, the functional root system of most wetland species consists
mainly of adventitious roots, which have a low internal resistance to gas diffusion The
presence of longitudinal aerenchyma channels facilitates oxygen diffusion from shoot to root
tips (Armstrong 1979, Gaynard and Armstrong 1987, Bedford et al 1991) This adaptive
root morphology effectively prevents anoxia stress in the adventitious part of the root system
when soil oxygen concentrations decrease upon waterlogging (Ishii and Kadoya 1991),
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thereby minimizing the negative effects on plant growth (Kramer 1951, Aloni and
Rosenshtein 1982). To ensure a rapid replacement of the non-aerenchymatous primary roots
during waterlogging, adventitious roots have to develop very fast. In experiments with
tomato plants (Kramer 1951, Jackson 1955), adventitious roots were found after three to four
days of waterlogging. Wample and Reid (1978) observed the first adventitious root initials in
sunflower plants as early as 24 h after the onset of waterlogging, and actual root emergence
after two days. These experiments concerned crop species, of which the physiology is
different from wetland plants. However, a typical wetland species like Typha also formed
adventitious roots two days after the onset of waterlogging (Seago and Marsh 1989).
Justin and Armstrong (1987) have extensively examined the relation between the habitat of a
species and the adaptations in roots formed during waterlogging. They found a strong
increase in porosity, indicating the formation of aerenchymatous tissue, in the roots of many
wetland plants upon soil flooding, whereas roots of non-wetland plants almost without
exception maintained very low porosities. Unfortunately, due to the large number of species,
only anatomical characteristics could be studied in their paper. It is however likely that not
only root porosity, but also number, diameter and rate of development of the adaptive roots
determine the waterlogging resistance of a plant species. Our aim was to investigate all these
developmental aspects of the formation of adventitious roots.
A very suitable group of species for flooding research is found in the genus Rumex. The
habitats of the different Rumex species range from wet mudflats to dry sandy river dunes.
Previous investigations with some species of this genus have shown that flooding-resistant
species occur in the lower, often flooded parts of the floodplains, whereas intolerant species
are mainly found in highly elevated grasslands (Blom et al. 1994). Many flooding-related
studies on this genus focus on shoot elongation under water, which enables the plant to
restore contact with the atmosphere after submergence (e.g., Voesenek et al. 1990, Voesenek
et al. 1993). Several adaptations of the root system to flooding have also been described
(Laan et al. 1989a, Laan et al. 1989b, Laan et al. 1990).
The aim of this investigation was to determine both the anatomical and morphological
properties as well as the developmental aspects of adventitious rooting during waterlogging
in a wide range of Rumex species. This allowed us to draw conclusions concerning a causal
relationship between the habitat preference of floodplain species in a hydrological gradient
and the characteristics of the adventitious root system these species develop upon flooding.
Within this framework, the early stages of adventitious root formation were studied in R.
palustris, a species that is particularly well-adapted to flooding, and R. thyrsiflorus, which is
only poorly adapted. Comparison of the number of the newly formed roots and the time and
rate of development provided insight into the capacity of these two species to replace the
flooding-intolerant primary root system by adventitious roots during waterlogging.

Materials and Methods
Natural habitats of the species
The eight Rumex species used in the experiments all occur in different habitats in the
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floodplain area of the river Waal near Nijmegen (the Netherlands). The differences m
habitats are mainly based on the hydrological characteristics of these sites (Table 1).
Table 1 Hydrological characteristics of the habitats of eight Rumex species, occurring in the
floodplains of the river Waal near Nijmegen (the Netherlands)
Species

Habitat

Floodplain
elevation

Flooding conditions
frequency

duration

Soil moisture

R thyrsiflorus

grassland on sand

high

occasional

short

very dry

R acetosa

grassland on clay

high

occasional

short

very dry

R sanguineus

woodland

high

occasional

short

moist-dry

R obtusifolius

flooded grassland

intermediate

frequent

short-intermediate

moist-dry

R crispus

flooded grassland

intermediate

very frequent

intermediate

wet-dry

R conglomeratus

flooded grassland

intermediate

frequent

intermediate

wet-moist

R palustris

exposed mudflat

low

very frequent

long

wet

oxbow lake

low

frequent

long

water-wet

R hydrolapathum

The two species of the driest habitats, R. thyrsiflorus Fingerh. and R. acetosa L., grow at
places with a high elevation compared to the nver water level Plants of these species are
rarely flooded, and flooding periods are short. Soil conditions for R. acetosa are motster than
for R thyrsiflorus, since R. acetosa prefers grasslands on clay, whereas R thyrsiflorus
mainly grows on well-drained sandy nver dunes. R. sanguineus L., a third species of seldom
flooded habitats, occurs in floodplain woodlands at high elevations. Although quite moist in
spring, this shaded habitat can be rather dry in summer.
Three grassland species of river forelands, R. obtusifolius L., R. crispus L. and R.
conglomeratus Murray, are found in a zone that is flooded regularly. R. obtusifolius appears
to prefer the less frequently flooded part of this habitat, whereas R. crispus grows in
depressions that are submerged more often and for longer periods. R. conglomeratus is found
at places where the soil is continuously very moist due to seepage water.
R. palustris Sm. grows on mudflats of former channels that are connected with the nver.
This is a habitat with extreme hydrodynanucal characteristics, such as long flooding periods
with turbid water. R. hydrolapathum Hudson prefers a habitat with a permanently flooded
soil and often grows on the wet banks of oxbow lakes. The frequency of total plant
submergence in these lakes, which are protected by levees, is lower than on the mudflats
where R. palustris occurs.
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Greenhouse experiments
Seeds of R. acetosa, R. conglomerate, R. crispus, R. hydrolapathum, R. obtusifolius, R.
palustris, R. sanguineus and R. thyrsiflorus were collected in floodplains and on river dykes
near Nijmegen (the Netherlands) and sown in petri-dishes on moist filter paper. After one
week in a climate chamber (16 h light 20 μπιοί m"2s"' PPFD (Philips TL33), 27°C; 8 h dark,
10°C), the seedlings were transferred to a greenhouse and planted in PVC cylinders (height
400 mm, diameter 120 mm), filled with a homogenous mixture of river sand and loamy clay
(1:1, w/w). The soil was kept slightly moist by watering with tap water. Greenhouse
conditions were 16 h light (minimum 200 umol m'V PPFD, maximum 1200 umol m'V 1
PPFD), 8 h dark and temperatures between 15°C and 25CC.
For the waterlogging treatment, cylinders with mature plants (six to eight months old) were
placed in 175-1 containers, which were filled with tap water until the water level reached the
soil surface. After various periods of waterlogging, plants were harvested by rinsing the soil
from the roots. The number of adventitious roots was counted, and the dry weights of the
shoot, tap root, primary lateral roots (i.e. lateral roots that are not adventitious roots; see also
Laan et al. 1989a) and adventitious roots were determined. Adventitious roots were defined
as roots which develop 'out of the normal temporal sequence and at an unusual location'
(Barlow 1994). In our plants these roots were unbranched, appearing at the base of the shoot
or the upper part of the tap root, and therefore clearly distinguishable from primary lateral
roots.

Hydroponic experiments
Seeds of the above mentioned Rumex species were sown in flat plastic trays with black
polyethylene grains (Lacqtene Low Density grains, Elf Atochem, France), and soaked in a
nutrient solution (2 mM Ca(N03)2, 1.25 mM K 2 S0 4 , 0.5 mM MgS0 4 , 0.5 mM KH 2 P0 4 and
the micronutrients FeEDTA (90 uM), NaCI (50 uM), H 3 B0 3 (25 uM), MnS0 4 (2 uM),
ZnS0 4 (2 uM), CuS0 4 (0.5 uM) and H 2 Mo0 4 (0.5 uM)). The trays were covered with a
glass plate and incubated in a climate chamber (16 h light 20 umol m'V1 PPFD (Philips
TL33), 27°C; 8 h dark, 10°C) for one week. The glass plate was then removed and the
seedlings were grown for two more weeks in a growth chamber (16 h light 120 umol m'V1
C
PPFD (Philips TL84), 8 h dark; 22 C). Water losses due to evaporation were compensated
by daily addition of nutrient solution. Hereafter, seedlings were selected for uniformity and
placed on a hydroponic system consisting of three containers of 20 1 (six plants in each
container). The containers were connected with an aeration vessel of 30 1, in which the
nutrient solution was aerated with an air flow of 120 1 h '. The circulation rate of nutrient
1
solution through the containers was 60 1 h' per container.
The responses of Rumex plants to waterlogging can be evoked in hydroponic plants by
placing these plants on a hypoxic medium (Laan et al. 1989a). For this hypoxia treatment,
plants were transferred from aerated nutrient solution to a stagnant hypoxic agar solution
(0.1%, w/w; nutrient concentrations as in the nutrient solution) that had previously been
bubbled with nitrogen gas for 16 h. After the treatment, the number of adventitious roots
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was counted, and the dry weights of the shoot, tap root, primary lateral roots and
adventitious roots were determined.
For morphological studies, seedlings of the eight Rumex species were grown for four or five
weeks on 20-1 containers with nutrient solution, aerated through bubble stones. Half of the
number of plants was then placed on a stagnant hypoxic agar solution, as described above,
for 10 to 16 days to induce formation of adventitious roots. The average root diameters of
primary lateral roots (first and second order) and adventitious roots were determined
microscopically (magnification 60x). The porosities of the different parts of the root system
were measured using a pycnometer, according to the method of Jensen et al. (1969). Instead
of using a maceration procedure, the roots were cut into segments of approximately 20 mm,
submerged in water and placed under hypobaric pressure (1.5 kPa) for 10 minutes in a
vacuum desiccator.

Results
All Rumex species developed adventitious roots during waterlogged conditions. However, R.
conglomerate, R. sanguineus and R. palustris developed a considerably larger number of
adventitious roots than the other species (Fig. 1A). In terms of biomass, R. palustris
exceeded all other species by far in adventitious root formation (Fig. IB). On the other hand,
in R. thyrsiflorus both the number (Fig. 1A) and the total weight (Fig. IB) of the
adventitious roots were the lowest of all species.
Although root diameters varied considerably between species, the adventitious roots of
waterlogged plants were always thicker than the primary lateral roots (data not shown). To
investigate root morphology and anatomy into more detail, the porosity (as a measure of
aerenchyma formation) and root diameters were measured in hydroponically grown Rumex
plants under aerated and under waterlogged conditions. The diameter of primary lateral roots
during growth under aerated conditions showed clear differences between species (Table 2).
Primary lateral roots of R. hydrolapathum and R. palustris were almost twice as thick as
those of R. conglomerate and R. sanguineus. In general, primary lateral roots of
hydroponically grown plants had a greater diameter than roots of plants grown in soil (data
not shown). After 14 days of waterlogging, all species had developed adventitious roots. The
differences between species in the diameter of the adventitious roots were even more distinct
than the differences between the primary lateral roots (Table 2). Adventitious roots of R.
hydrolapathum plants grown on hypoxic agar grew as thick as 2.5 mm (average 1.7 mm),
whereas R. acetosa and R. thyrsiflorus mostly developed thin adventitious roots with an
average diameter of no more than 0.6 mm. The diameter of adventitious roots in all species,
except R. acetosa and R. thyrsiflorus, was markedly larger than the diameter of the primary
laterals (Table 2). Second order lateral roots were invariably very thin (about one fourth to
one fifth of the diameter of the first order laterals; Table 2).
The porosity of hydroponically grown root systems varied greatly between the species (Table
3). Especially primary lateral roots of R. acetosa and R. thyrsiflorus showed an extremely
low internal gas volume of 3% and 6%, respectively, whereas the porosity of the other
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Figure 1 Number {A) and biomass
(B) of the adventitious roots of
eight Rumex species after various
durations of waterlogging Plants
were grown in soil in the
greenhouse for six to eight weeks
Bars indicate SEs, η = 4

species ranged between 17% and 36% There was a particularly large difference in porosity
between samples taken from the apical unbranched part of the first order primary laterals
and samples that included both first and second order primary laterals (Table 3), the small
and thin second order lateral roots reduced the average porosity of the total root system
severely This was most evident in R sanguineus, of which the total root porosity was only
10% of the porosity of the first order lateral roots The porosity of the tap roots was
generally rather low in all species and varied between 7 and 16% (Table 3) Adventitious
roots of most species showed an approximately 10% (v/v) higher porosity than the primary
lateral roots. However, the two species with a very low porosity in the primary laterals, R
thyrsiflorus and R acetosa, displayed only a slightly higher internal air volume in the
adventitious roots Also the porosity of adventitious roots of R obtusifohus did not differ
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Table 2 Diameter of first and second order primary lateral roots and adventitious roots of eight
Rumex species, grown on hydroponic culture The natural habitat characteristics are summarized as
dry - well aerated soil, rarely flooded, int - moist to wet soil, flooded more or less frequently, wet wet to waterlogged soil, flooded frequently to very frequently Primary roots were harvested at the
age of seven weeks for R conglomerates, R cnspus, R hydrolapathum and R palustris, and eight
weeks for the other species, respectively Adventitious roots were harvested approximately two weeks
after transferring the plants to a hypoxic agar solution (0 1%, w/w) SEs are given in brackets,
η = 20
Species

R
R
R
R

thyrsiflorus
acetosa
sanguineus
obtusifolius

R
R
R
R

cnspus
conglomerate
palustris
hydrolapathum

Habitat

dry
dry
dry
int
int
int
wet
wet

Root diameter (mm)
Primary lateral roots
first order

second order

0 62 (0 03)
0 54 (0 03)

009(001)
0 10(001)
0 13 (001)
0 17(001)
0 18(002)
0 08(001)

0 45 (0 02)
0 73 (002)
0 66(0 03)
0 49(003)
0 86 (0 03)
0 82 (0 03)

Adventitious roots
0 62 (0 04)
0 62 (0 04)
0 79 (0 04)
1 00 (0 07)
0 80 (0 03)
0 88 (0 03)

0 20(0 01)
0 18(0 01)

1 20 (0 06)
1 73 (0 09)

Table 3 Porosity of first order primary lateral roots, the total of the lateral roots, the tap root and
adventitious roots of eight Rumex species, grown on hydroponic culture Further details as described
in the legend of Table 2 SEs are given m brackets, η = 3
Species

Habitat

Porosity (% air volume root volume)
Primary lateral
roots (first order)

Total primary
lateral root system

Tap root

Adventitious
roots

14 2 ( 2 3)
6 8 ( 0 1)
120(14)
120(12)
13 9 ( 1 7 )

7 5 (0 8)
9 0 (2 4)

R thyrsiflorus

dry

5 8 (2 3)

24(04)

R acetosa

dry
dry

2 9 (0 6)

- 1 2 ( 2 3)
1 7 (0 3)

R
R
R
R

sanguineus
obtusifolius
cnspus
conglomerate

R paluslns
R hydrolapathum

int
int
int
wet
wet

17 4 (3 3)
25 6 ( 3 1)
27 8 (0 4)
28 4 (1 6)
24 4 (0 9)
36 2 (0 7)

9 6(1 8)
15 5(1 2)
7 2(17)
8 7 (1 4)
17 5 (0 5)

69(11)
15 5 ( 1 4 )
10 0 ( 2 2)

29 8(1 3)
28 8 (0 5)
39 0 ( 0 1)
4 1 9 ( 2 1)
36 5 (0 5)
47 0 (0 3)

much from the porosity of primary laterals (Table 3), but the volume of air spaces in the
primary lateral roots of this species was already relatively high, ι e 26%
The development of adventitious roots was fast Visible roots formed within four days of
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waterlogging in all species (Fig. 1A). Two contrasting species, R. thyrsiflorus and R.
palustris, were compared in more detail in a separate experiment. Within two days after the
onset of waterlogging, the number of roots of R. palustris exceeded adventitious root
formation of R. thyrsiflorus by far (Fig. 2; note the different y-axes for the two species).
However, the timing of first root development (occurring after 1 to 1.5 days) and the further
relative increase in the number of roots was similar in both species.

% 120

2
u) 100

I 80
I

60

i
φ

40
20

"

0

1

2

3

4

Duration of waterlogging (days)
Figure 2. Number of adventitious roots of R. palustris (О) and R. thyrsiflorus ( · ) after various
durations of waterlogging. Left axis: R. palustris,- right axis: R. thyrsiflorus. Plants were grown in
soil in the greenhouse for six (R. palustris) or eight weeks (R. thyrsiflorus). Bars indicate SEs; η = 4.

The differences in the number of adventitious roots between these two species may be
explained on the basis of a difference in biomass production of the shoot and/or roots, since
the relative growth rate was greater in R. palustris than in R. thyrsiflorus. To exclude this
biomass effect, adventitious root formation in plants of different ages was compared. These
experiments showed that the number of adventitious roots increased with increasing age (and
size) of the plants, but R. palustris plants always developed more roots than R. thyrsiflorus
plants with comparable or even higher dry weights (Figs ЗА and B). For instance, 6.5-week
old R. thyrsiflorus plants, weighing twice as much as 4.5-week old R. palustris plants,
formed only half the number of adventitious roots the R. palustris plants developed after one
week of waterlogging. Table 4 shows that in R. palustris the biomass of the adventitious
roots equalled the weight of the primary lateral roots already one week after the onset of the
hypoxia treatment. In R. thyrsiflorus the biomass of adventitious roots reached only up to
one fifth to one third of the weight of the primary laterals. Growth of primary lateral roots
ceased during hypoxic conditions, as shown by the similar dry weight at the beginning and
end of the hypoxic treatment (Table 4).
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Figure 3. Number of adventitious
roots in R. palustris (A) and R.
thyrsiflorus (B) plants after various
durations of aerated growth (open
columns) and after one additional
week on a stagnant hypoxic agar
solution (filled columns). The average
plant weight (g) at the end of the
hypoxic treatments is shown above
each column (± SEs). Bars indicate
SEs of the number of roots; η = 6.

Discussion
Differences between Rumex species in number, biomass, morphology and anatomy of
adventitious roots formed upon waterlogging showed to be well correlated to the distribution
of these species in the field. R. palustris and R. hydrolapathum showed the typical
aerenchymatous root structure of flooding-adapted plant species. Aerenchyma in the
adventitious roots of R. hydrolapathum was particularly well developed, as indicated by the
porosity of 47% (Table 3), which closely resembles the porosities of other true wetland
plants like Typha, Carex and Eriophorum species (Justin and Armstrong 1987, Bedford et al.
1991). The porosity of adventitious roots of R. palustris was lower, but still high compared
to species of seldom flooded habitats (Table 3). Also the large diameters of both
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Table 4. Biomass of primary and adventitious roots of R. palustris and R. thyrsiflorus after various
periods of aerated growth on hydroponics with or without a subsequent one week hypoxia period.
SEs are given in brackets; η = 6 (nd: not determined).
Duration of aerated growth
R. palustris
2.5
3.5
4.5
5.5
6.5

weeks
weeks
weeks
weeks
weeks

Root dry weight (mg)
Aerated growth
Aerated growth + I week hypoxia
Primary roots Adventitious roots Primary roots Adventitious roots
<1(0)
10(0)
107 (5)
283 (26)
523 (103)

0(0)
< 1 (0)

7(1)
23(3)
92 (12)
303 (60)
nd

3(1)
37(4)
117(13)
179 (30)
nd

2.5 weeks

<1(0)

0(0)

3(1)

< KO)

3.5 weeks

4(1)

<K0)

9(2)

3(1)

4.5 weeks

17(2)

<1(0)

23(2)

7(1)

5.5 weeks

54(11)

<I(0)

56(11)

10(1)

6.5 weeks

132 (16)

2(1)

nd

nd

KD
2(1)
6(3)

R. thyrsiflorus

adventitious and primary roots of the two wetland species (Table 2) indicate a high
resistance of these roots to soil anoxia. An increased diameter of the root decreases the
relative radial oxygen loss to the rhizosphere and therefore enhances oxygen diffusion to the
root tip (Armstrong 1979).
Developing large numbers of adventitious roots might be of great importance in surviving
waterlogged conditions. R. palustris produced a much larger quantity (both in number and
biomass) of adventitious roots than R. hydrolapathum (Figs 1A and IB). This was mainly
due to the lower growth rate of R. hydrolapathum roots. Still, R. hydrolapathum attained the
greatest root length (per root) of all species during waterlogging (data not shown). The
difference in kinetics of adventitious root formation between these two species corresponds
well with the contrasting hydrological dynamics in their natural habitats (Table 1). R.
hydrolapathum, growing under permanently waterlogged conditions, survives completely on
its aerenchymatous adventitious root system. Although growing slowly during the phase of
plant establishment, these roots remain present during the entire life cycle. Water levels in
the habitat of R. palustris fluctuate much more. This species demonstrates to be well-adapted
to these changes and shows a highly plastic response, maintaining a primary root system
with a fairly low porosity during drained conditions, while during a flooding period these
roots are rapidly replaced by fast-growing adventitious roots.
The Rumex species of the intermediate zone, R. obtusifolius, R. crispus and R.
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conglomerate (Table 1), showed similar adventitious root numbers (Fig. 1A), root biomass
(Fig. IB), root diameters (Table 2) and aerenchyma formation (Table 3), which were
generally all lower than in the wetland species, but higher than in the species intolerant to
flooding. Exceptions were the low porosity in adventitious roots of R. obtusifolius, which
may be related to the relatively high position of this species in the intermediate zone, and
the high number of adventitious roots in R. conglomerate, a typical adaptation to the
permanent presence of seepage water in its habitat.
Adaptive characteristics to alleviate stress from waterlogging were hardly found in the thin
(Table 2) and non-aerenchymatous (Table 3) adventitious roots of the two flooding-sensitive
species, R. thyrsiflorus and R. acetosa. The number (Fig. 1A) and biomass (Fig. IB) of
adventitious roots was especially low in R. thyrsiflorus, the species of the driest sites. In
contrast, the woodland species R. sanguineus showed adventitious roots that were thicker
and more aerenchymatous than the primary roots, and also the number of adventitious roots
was high. However, adventitious roots of this species did not seem to be better adapted to
flooding than those of intermediate species, and the major part of the primary root system
consisted of very thin second order roots with an almost negligible porosity. A root system
mainly consisting of these small branched roots is very unlikely to survive prolonged periods
of flooding (Armstrong 1979). Adventitious roots of all the species investigated usually did
not develop these second-order branches during our experiments, which adds to the low
susceptibility of an adventitious root system to hypoxia stress.
Although the porosity of adventitious roots was always higher than the porosity of the total
primary root system (Table 3), the absolute difference seemed to be less in R. crispus and R.
hydrolapathum, in which the primary root systems already showed a high porosity. This
corresponds with the trend observed by Justin and Armstrong (1987) that species with a high
porosity during drained conditions usually did not gain much more aerenchyma during
waterlogging. In these species, the cortical tissue of the roots might not be able to support a
higher volume of air spaces without disturbing the integrity of the aerenchymatous
structures. Also, thicker roots will have a very unfavourable surface-to-volume ratio with
respect to water and nutrient uptake. The structure of the aerenchyma in Rumex described by
Laan et al. (1989a) can be classified as a honeycomb-type of air spaces, originating from
cells with a cubic radial packing (Justin and Armstrong 1987). Although this structure is
quite resistant to pressure from outside, results from Engelaar et al. (1993) indicate that
compacted soil inhibits the formation of aerenchyma in Rumex during hypoxic conditions.
This may be the reason that porosities found in our hydroponic experiments tend to be
higher than the porosities of soil grown Rumex species determined in other studies (Justin
and Armstrong 1987, Laan et al. 1989a).
The tap root is probably a significant barrier for the diffusion of oxygen from the shoot to
the primary roots. This woody tissue had a rather low porosity (Table 3), which explains
why adventitious roots mostly developed close to the junction of shoot and tap root. Air
channels in the tap root leading to roots at the apical parts of the tap root presumably do not
have a sufficiently low diffusion resistance to support these roots during hypoxic conditions.
The fast emergence of adventitious roots upon waterlogging did not appear to be depending
on the flooding resistance of a species (Fig. 1A). Even two contrasting Rumex species, the
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flooding-resistant R. palustris and the intolerant R. thyrsiflorus, did not differ in the initial
development of adventitious roots (Fig. 2), although the absolute number of roots in R.
palustris was much higher than that in R. thyrsiflorus. This difference in number of
adventitious roots cannot only be explained by the different sizes of the plants, because R.
palustris developed far more adventitious roots than R. thyrsiflorus even when plants were of
the same size (Figs ЗА and B). This large number of roots in R. palustris and the fast
growth of these roots assure a rapid substitution of the non-adapted primary root system
(Table 4), resulting in an alleviation of flooding stress (Kramer 1951, Sena Gomes and
Kozlowski 1980). In contrast, adventitious roots of R. thyrsiflorus did not seem to readily
replace the primary laterals, since their biomass was still low after one week of waterlogging
(Table 4). After prolonged waterlogging, this certainly leads to severe nutrient deficiency
and decreased shoot growth of the plant (Laan et al. 1989b).
We can summarize the results of our experiments as follows:
(i) The number and the extent of flooding-adapted morphological and anatomical
characteristics of adventitious roots that a Rumex species develops upon flooding are
strongly correlated with the hydrology of its habitat. Species that are often flooded develop
large numbers of thick roots with a high porosity, whereas seldom flooded species generally
only form a limited number of poorly adapted adventitious roots.
(ii) The great numbers and fast growth rate of adventitious roots in Rumex species of
habitats with a high flooding frequency result in a rapid replacement of the primary root
system when waterlogging occurs.
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Regulatory role of auxin in adventitious root formation in two species
of Rumex, differing in their sensitivity to waterlogging
Summary
Adventitious rooting in Rumex plants, in which the root systems were in hypoxic conditions,
differed considerably between two species R palustris, a species from frequently flooded
nver forelands, developed a large number of adventitious roots dunng hypoxia, whereas
adventitious root formation was poor in R thyrsiflorus, a species from seldom flooded dykes
and nver levees Adventitious rooting could also be evoked in aerated plants of both species
by application of auxin (1-NAA or IAA) to the leaves The response to auxin was dosedependent, but even high auxin doses could not stimulate R thyrsiflorus to produce as many
adventitious roots as R palustris Consequently, the difference between the species in the
amount of adventitious root formation was probably genetically determined, and not a result
of a different response to auxin A prerequisite for hypoxia-induced adventitious root
formation is the basipetal transport of auxin within the shoot, as specific inhibition of this
transport by NPA severely decreased the number of roots in hypoxia-treated plants It is
suggested that hypoxia of the root system causes stagnation of auxin transport in the root
system This may lead to an accumulation of auxin at the base of the shoot rosette, resulting
in adventitious root formation

Key words: adventitious roots - auxin - auxin transport - flooding - hypoxia - IAA - NAA
- NPA - Rumex

Introduction
Adventitious rooting is a characteristic adaptive response of plants to conditions in which the
primary root system can not function properly Waterlogged plants often develop this type of
roots, which may assist survival of the stressful situation of oxygen deficiency encountered
when there is excessive water in the soil (Jackson and Drew 1984) In most species, the
flooding-induced adventitious roots contain highly porous tissues (Jackson et al 1985)
These aerenchymatous tissues facilitate the diffusion of gases from shoot to roots (oxygen)
and vice versa (carbon dioxide, methane, ethylene) and enables plants to grow m hypoxic
and anoxic soils (Armstrong 1979, Drew 1992)
However, not all plant species form these new roots when waterlogged, and even within one
genus, the ability to develop adventitious roots can differ considerably An intriguing
example is the genus Rumex, which includes both flooding-resistant and flooding-sensitive
species (Blom et al 1990, Voesenek et al 1993) The flooding-resistant species typically
produce far more adventitious roots with more aerenchyma than flooding-sensitive species
(Laan et al 1989, Chapter 2) The number of new roots developing dunng waterlogged
conditions correlates well with the elevation of the habitat of the species in river flood plains
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characterized by irregular flooding (Blom et al. 1993, Chapter 2).
The underlying mechanisms that explain why only some plant species develop large numbers
of adventitious roots during waterlogging, are not yet understood. A similar phenomenon
occurs in stem cuttings of plants. Cuttings of many herbaceous plant species develop large
numbers of adventitious roots within days or weeks (e.g., Robbins et al. 1985, Bollmark et
al. 1988, Liu and Reid 1992) and are consequently easy to propagate. However, cuttings of a
considerable number of plant species only root under certain very strict conditions (Geneve
1991, Howard 1994). Both naturally occurring auxins like IAA and indole-3-butyric acid,
and synthetic auxins such as 1-NAA and 2,4-dichlorophenoxyacetic acid are able to
overcome the inhibition of root formation or shorten the time to the onset of adventitious
root development in many plant species (e.g., Jarvis and Shaheed 1986). Nevertheless,
although auxin appears to be crucially important in the rooting process, many of the other
presently known plant growth substances have also been shown to either stimulate or inhibit
rooting of cuttings (Fabijan et al. 1981, Selby et al. 1992).
Also in waterlogged plants, a variety of plant growth regulators have been considered to be
of great importance in the process of adventitious root formation. Again, much attention has
focused on the role of auxin. Phillips suggested already in 1964 that waterlogging might
cause a stagnation of auxin transport in the oxygen deficient root system of waterlogged
sunflower plants, resulting in the accumulation of auxin at the stem base. This hypothesis
was supported by the findings of Wample and Reid (1979), who found increased auxin
concentrations in this species during waterlogging.
In the present study, an attempt has been made to unravel the importance of auxin transport
and action in the adventitious root formation of waterlogged plants. To achieve this, two
Rumex species, which have contrasting abilities to develop adventitious roots during
waterlogging, were compared. One of the species, R. palustris, inhabits regularly flooded
sites in river forelands and develops large numbers of adventitious roots when flooded, while
R. thyrsiflorus, which only grows on rarely flooded river levees and dykes, produces much
fewer adventitious roots (Blom et al. 1994). Our aim was to determine (i) whether auxin is
involved in this rooting process, and if so, (ii) whether differences in adventitious root
formation between the two species can be attributed to a different response to auxin or to
contrasting genetically determined capacities to form adventitious roots. Finally, (iii)
experiments were performed to establish the importance of auxin transport in the event of
adventitious root formation in Rumex.

Materials and methods

Plant growth
Seeds of Rumex palustris Sm. and Rumex thyrsiflorus Fingerh. were collected from the
forelands of the river Waal near Nijmegen (the Netherlands) and sown in flat plastic trays,
half-filled with black polyethylene grains (Lacqtene Low Density grains, Elf Atochem,
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France). The seeds were soaked with nutrient solution containing 2 mM Ca(N0 3 ) 2 , 1.25 mM
K 2 S0 4 , 0.5 mM MgS0 4 , 0.5 mM KH 2 P0 4 and micronutrients FeEDTA (90 μΜ), NaCl
(50 μΜ), HJBOJ (25 μΜ), MnS0 4 (2 μΜ), ZnS0 4 (2 μΜ), CuS0 4 (0.5 μΜ) and H 2 Mo0 4
(0.5 μΜ). The tray was covered with a glass plate and incubated in a climate room (16 h
20 μτηοΐ m"2 s"1 PPFD (Philips TL33), 27°C; 8 h dark, 10°C) for one week. Thereafter, the
seedlings were placed in a growth chamber with 16 h 120 μιηοΐ m"2 s"1 PPFD (Philips TL84),
22°C and 8 h dark, 20°C (relative humidity 50%), and transferred to hydroponic culture after
two or three weeks.
Each hydroponic flow-through unit consisted of three 20-1 containers connected with a 30-1
aeration vessel (120 1 air h'1), through which nutrient solution circulated at a rate of 60 1 h"1
per container. Six plants per container were grown for one or two weeks before treatments
were started (conditions as described for the growth chamber).

Hypoxic treatment
Plants were transferred from the aerated hydroponic culture to a 20 1 container with unstirred
agar solution (0.1%, w/w, high gel strength; nutrient concentrations as described above),
through which nitrogen gas had been bubbled for at least 16 h prior to the transfer. Control
plants were placed on containers containing nutrient solution that was aerated continuously
at a rate of 60 1 air h'.

Treatment with growth substances
IAA, 1-NAA, 2-NAA (Merck) and NPA (prepared by the Department of Organic Chemistry,
University of Nijmegen, the Netherlands, at a purity of 99%) were dissolved in a small
volume of ethanol, diluted with water and then sprayed with a spray gun onto the leaves of
the plants. Volumes larger than 1 ml per plant were supplied in two successive treatments
with a two hour interval. Control plants were sprayed with similar amounts of ethanol in
water (ca 0.2%, v/v).
In an additional experiment, IAA was applied in 100 μΐ lanolin at the base of the shoot
rosette. Control plants were treated with lanolin without IAA.

Plant parameters
Depending on the type of experiment, the number of roots from each plant was counted 7 or
11 days after application of the growth substances or after the onset of the hypoxia
treatment. Dry weights of adventitious roots, primary roots, tap root and shoot were
determined after drying for 24 h at 105°C.
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Radiolabelling
Petioles were sampled from young, full-grown leaves of R. palustris or R. thyrsiflorus and
cut into 15 mm segments. NPA-treated petioles were wrapped in tissue paper soaked with
100 μΜ NPA (adjusted to pH 5.6 with KOH) 24 h before cutting; control petioles in this
experiment were treated similarly with tissue paper soaked in water.
Experiments were started by placing an agar cube (1%, w/w; 5x5x3 mm) containing ca
300 Bq 1-[3H]-NAA (donor; specific activity 185 GBq mmol', generously supplied by the
Department of Experimental Plant Science, University of Nijmegen, the Netherlands and
manufactured by Amersham, Slough, UK) on one end of the petiole cutting, and an agar
cube without auxin (receiver) on the opposite side. After 24 h incubation (22°C, relative
humidity 100%, dark) the cuttings were divided into three or four equal parts, which were
extracted twice with methanol for at least 6 h at 20°C. The extracts were dried and counted
in 4.5 ml Lumagel (Lumac LSC) with a Wallac 1410 Liquid Scintillation Counter; results
were corrected for quenching. Recovery of the label was at least 98%.
For determination of the amount of free 1-NAA, petiole cuttings of R. palustris were
incubated with a donor and a receiver block according to the method described above (donor
containing 1.1 kBq 1-[3H]-NAA). After 24 h, petioles were extracted twice with methanol
overnight at -20°C. Extracts were dried under nitrogen at 40°C, redissolved in 50 ul
methanol and chromatographed according to Smulders et al. (1990). The position of 1-[3H]NAA was found by cochromatography of this compound in a separate lane. The silica gel
was scraped off and counted in 4.5 ml Lumagel. The amount of free 1-NAA was expressed
as a percentage of the total label of the extract.

Results

Hypoxia and auxin treatments
The first adventitious roots developed in both species within two days of hypoxia of the root
system (Fig. 1A). After 6 to 10 days the number of roots formed by R. palustris was four to
five times higher than in R. thyrsiflorus. The majority of adventitious roots developed at the
most basal part of the shoot, and at the upper 2 cm of the tap root. All adventitious roots
were thick and unbranched for at least the first 15 cm behind the root apex; adventitious
roots of R. palustris were generally thicker than those of R. thyrsiflorus (data not shown).
Spraying the shoot of aerobically grown plants with 1-NAA closely mimicked the results of
the hypoxia treated plants (fig. IB). However, after auxin treatment the adventitious roots
tended to arise more scattered along the tap root instead of being localized almost
exclusively at the shoot base and upper part of the tap root. No difference was observed
between the 10 and 100 nmol 1-NAA treatments in the rooting response of either species.
Root initiation by I-NAA was strongly dose-dependent, as is shown for R. palustris in
Figure 2. The maximum response in this experiment was obtained at 25 nmol 1-NAA per
shoot, whereas at 15 nmol hardly any roots developed. It should be noted that replicate
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experiments showed some variation in the amount of 1-NAA that caused the maximum
response. This depended primarily on the size of the shoot; however, in all replicate
experiments auxin doses that caused no effect and those that caused the maximum response
were invariably within the same order of magnitude. The higher auxin doses had a typical
effect on shoot morphology; leaves curled downwards and petioles elongated within two
days after spraying.
Adventitious root formation was restricted to treatments with 1-NAA. In an experiment
where four-week old R. palustris plants were sprayed with either water, 1-NAA or an isomer
without auxin action, 2-NAA (250 nmol 1-NAA and 2-NAA per plant; η = 6), the number of
adventitious roots per plant 11 days after treatment was 0.8 (SE ± 0.5), 27.7 (SE ± 3.7) and
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Figure 2. Adventitious root formation after spraying leaves of four-week old R. palustris plants with
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0.2 (SE ± 0.2) respectively.
Application of IAA to four-week old R. palustris plants as a foliar spray caused leaf growth
responses (i.e. elongation and downward curling) similar to those produced by 1-NAA, but
failed to stimulate adventitious root formation. The number of roots was only comparable to
plants treated with 1-NAA and hypoxia, when 10 umol IAA in 0.1 ml lanolin was supplied
directly to the site where adventitious roots normally appear, i.e. the base of the shoot
rosette. Seven days after this treatment the number of adventitious roots was 21.0 (SE ±
1.8), compared to 2.1 (SE ± 0.5) for plants treated with only lanolin (n = 6).

Auxin transport
Twenty-four hours after 1-[3H]-NAA was supplied to the apical end of R. palustris or R.
thyrsiflorus petioles, a significant amount of radio-activity had been transported to the
middle and basal parts of the petiole. The amount of label transported did not differ between
the two species (Fig. 3). Transport of label in the reverse direction was almost non-existent
in R. palustris when radio-active auxin was given to the basal end of the petiole (Fig. 4).
Analysis of the contribution of unmetabolized 1-NAA to the total amount of radio-activity
revealed that 24 h after application of 1-[3H]-NAA to the apical end of petioles of R.
palustris still 17.5% (SE ± 8.8) of the label consisted of free 1-NAA (n = 4).
Figure 5 shows that transport of label from apical to basal parts could be effectively
inhibited by pretreatment of the R. palustris petioles with NPA. Although four-week old R.
palustris plants normally developed a large number of adventitious roots when grown in
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hypoxic agar, a severe reduction in adventitious root formation was observed when NPA was
supplied to the leaves before hypoxic treatment of the roots The number of adventitious
roots 10 days after transfer to hypoxic agar decreased from 41 0 (SE ± 6 7) in untreated
plants to 12.2 (SE ± 1 7) in plants which were sprayed with 27 nmol NPA per shoot (n = 6).

44

Chapter 3

ω 80

А

Water

в

•i"

.О

S.

л

>,

ta
о 60
ω
О)
л .„
•£ 40
ш
Ö

NPA

•::*

-

i.

_ЗІ™

f

іч;і

ΐ*#'; Ϊ"

'

^

-

ч
*

'
.•

-

,ν

*
Λ

•*

20

î/ *:
η

Donor

[л"т4

Р^.

ρ-'-ί

f " '"• ч

Ν/

Apical Middle Basal Receiver

L -,
Donor

-

m

Apical Middle Basal Receiver

Figure 5. Distribution of label in 1.5 cm petiole cuttings of R. palustris, 24 h after supplying 300 Bq
3
1-[ H]-NAA to the apical side of the cutting; petioles were wrapped in tissue soaked with (A) water
or (B) NPA (100 μΜ), 16 h before supply of label; η = 10; bars represent SEs.

Discussion
The two Rumex species studied showed a clear difference in root formation (Fig. 1A). R.
thyrsiflorus, being sensitive to flooding, produced only a small number of adventitious
laterals (see also Laan et al. 1989, Chapter 2). In contrast, the flooding-tolerant R. palustris
developed a large number of adventitious roots, which was noted earlier but not quantified
by Voesenek et al. (1989). A very similar response was shown for the closely related species
R. maritimus (Laan et al. 1989). The adventitious roots of R. palustris were thicker than
adventitious roots of R. thyrsiflorus and laterals of the primary root system, due to highly
aerenchymatous cortical structures (cf. Laan et al. 1989, Chapter 2).
Auxin, in our case 1-NAA or IAA, was able to mimic the effects of hypoxia on adventitious
root formation (Fig. IB). The number of roots after the auxin treatment was in both species
comparable to the number developed during the hypoxic treatment. Even very high auxin
doses (100 nmol per plant) could not further increase adventitious rooting in R. thyrsiflorus
(Fig. IB), which suggests a difference in the root forming capacity between the species
rather than a difference in sensitivity to auxin. The limiting factor, relating to this capacity,
may be the maximum number of root primordia that can be formed in R. thyrsiflorus. This
species has a much lower overall relative growth rate than R. palustris. Therefore, if the
number of primordia is related to for example the number of leaves (or nodes; Barlow
1994), R. palustris plants will be able to develop far more primordia than R. thyrsiflorus
plants of the same age.
The specifity of the auxin effect was illustrated by the treatment of R. palustris with 2-NAA.
This compound has a structure highly similar to 1-NAA, but has no auxin action (Smulders
et al. 1989), and consequently did not produce a rooting response. R. palustris did also not
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develop adventitious roots when IAA was supplied to plants either via the shoots as a foliar
spray or via the roots dissolved in nutrient solution. Adventitious rooting could only be
induced by high concentrations of IAA when applied as close as possible to the rooting
zone. These concentrations exceeded physiological concentrations largely and, therefore, we
presume that most of the free acid of applied auxin did not reach the site of action, i.e. the
location of adventitious root initiation. The bulk of applied IAA was probably degraded and
conjugated into derivatives with no auxin action. High exogenous concentrations of free IAA
can be reduced very effectively by plant tissues (Eliasson 1972, Yang et al. 1993) and even
in the nutrient solution and agar (Bhatnagar and Tillberg 1982).
A variety of developmental processes in plants have been related to auxin transport and the
ensuing auxin gradients set up in plant tissues. Auxin transport in herbaceous plants can
occur through the parenchyma cells of the cortex, but also vascular transport has been found
(Eliasson 1972). Auxin transport in isolated petioles did not differ between R. palustris and
R. thyrsiflorus (Fig. 3) and proved to be strongly polar: application of tritiated 1-NAA to the
apical part of R. palustris petioles resulted in a significant transport of label in a basipetal
direction, whereas 1-NAA given to the basal side was not transported at all (Fig. 4).
Furthermore, auxin transport in R. palustris was very susceptible to NPA (Fig. 5), which is a
very specific inhibitor of the auxin transport carrier (Thomson et al. 1973). These results,
however, do not preclude that in intact plants auxin is transported through the vascular
system as well, since both xylem and phloem transport are not functioning in petiole
expiants.
At the end of our experiments a large part of the label was no longer present in the tissue as
the free auxin. However, Figure 5B shows that diffusion plays only a minor role in the
distribution of the label in the petiole, so we can assume that the distribution patterns shown
in Figures 3 to 5 were the result of transport of the free auxin. In general, auxin carrier
transport is considered to be highly specific and not to transport auxin metabolites.
Adventitious rooting in flooded plants has been related to an inhibition of auxin transport in
the plant (Kramer 1951). After the onset of waterlogging, oxygen concentrations in the roots
can drop to very low values (Jackson and Drew 1984) and auxin transport in the roots is
likely to be severely limited. Several studies have reported an accumulation of auxin at the
stem base when root systems were in waterlogged media (Phillips 1964, Wample and Reid
1979). In cuttings too, auxin accumulation in the rooting zone has been related to
adventitious root formation (Maldiney et al. 1986, Blakesley 1994).
Our results indicate that auxin transport from auxin-producing shoot parts to the base of the
shoot is required for adventitious root formation. Application of NPA to the shoot prevented
auxin transport to the shoot base, thus severely reducing hypoxia-induced rooting.
In conclusion, our results have demonstrated that (i) auxin is a major contributing factor in
regulating adventitious rooting during waterlogging of Rumex species, (ii) Adventitious
rooting differs between these species, with R. palustris always developing more adventitious
roots than R. thyrsiflorus. This is not due to a difference in the sensitivity to auxin, but
rather to a difference in the capacity of the species to develop adventitious roots, (iii)
Finally, auxin transport appears to be the key factor in the rooting response, since the
stimulation of adventitious root formation by hypoxia can be prevented by simultaneous
application of an auxin transport inhibitor to the shoot.
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Ethylene accumulation in waterlogged Rumex plants: a prerequisite
for adventitious root formation
Summary
Accumulation of the gaseous plant hormone ethylene is very important for the induction of
several responses of plants to flooding However, only little is known about the role of this
gas in the formation of flooding-induced adventitious roots Formation of adventitious roots
in Rumex species is an adaptation of these plants to flooded soil conditions The large air
spaces in these roots enable diffusion of gases between shoot and roots Application of
ethylene to non-flooded Rumex plants resulted in the formation of adventitious roots In R
palustris also shoot elongation and epinasty was observed The number of roots in R
thyrsiflorus was much lower than in R palustris, which corresponds with the inherent
difference in root forming capacity between these two species Ethylene concentrations of 1 5
to 2 μΐ 1 ' induced a maximum number of roots in both species Quantification of ethylene
escaping from root systems of Rumex plants that were de-submerged after a 24 h
submergence period showed that average ethylene concentrations in submerged roots reached
as high as 1 8 and 9 1 μΐ 1 ' in R palustris and R thyrsiflorus, respectively Inhibition of
ethylene production m R palustris by AVG or AIB resulted in a decrease in the number of
adventitious roots induced by flooding, indicating that high ethylene concentrations are a
prerequisite for the flooding-induced formation of adventitious roots in Rumex species

Key words: adventitious roots - epinasty - ethylene - flooding - Rumex - shoot elongation

Introduction
Soil flooding or waterlogging causes major changes in the conditions for growth and
function of plant roots (Jackson and Drew 1984) Gas diffusion rates in flooded soil are
extremely low (Jackson 1985), and respiration of micro-organisms and plant roots leads to a
rapid exhaustion of soil oxygen These oxygen-deficient circumstances result in a poor
aerobic root metabolism, causing energy-dependent processes such as ion uptake, root
growth and secondary metabolism to cease (Jackson and Drew 1984) Also, anaerobiosis of
the soil can lead to the production of toxic compounds like Fe2+, Mn+, sulphide and ammonia
(Ernst 1990)
A second important effect of the low gas diffusion rate is the accumulation of gases
produced in the root system High concentrations of carbon dioxide, methane and ethane
may develop in waterlogged roots In research, special attention has been paid to the
accumulation of ethylene, a powerful plant growth substance (for reviews see Reíd and
Bradford 1984, Jackson 1985, Voesenek et al 1992) Accumulation of ethylene in plants is
responsible for at least two major adaptive plant responses to flooding Shoot elongation in
wetland plants, enabling a totally submerged plant to reach the water surface, is the first
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adaptation in which ethylene is an important regulator (e g , Musgrave et al 1972, Voesenek
and Blom 1989) The second ethylene-mediated response is the formation of aerenchyma
This type of tissue permits oxygen diffusion from the shoot to the submerged root system,
and thus decreases the hazardous effects of soil anaerobiosis (Blom et al 1990) In maize,
formation of aerenchyma is initiated by increased ethylene concentrations during
waterlogging, or by increased ethylene sensitivity during nutrient starvation (Komngs and De
Wolf 1984, Atwell et al 1988, He et al 1992)
Much less certain is the role of ethylene in the formation of adventitious roots, a third major
morphological accommodation to flooding ( e g , Jackson 1955, Tsukuhara and Kozlowski
1985, Laan et al 1989, Drew 1992) The literature is rather contradictory on this topic, as
Wample and Reíd (1979) and Yamamoto and Kozlowski (1985) attribute only a minor role
to ethylene in the initiation of adventitious roots, whereas Bleecker et al (1987) found an
enhancement of root formation by ethylene Also studies on rooting in cuttings showed that
ethylene might have either a stimulative (e g, Picea abies, Bollmark and Eliasson 1990) or
negative (e g, pea, Nordstrom and Eliasson 1984) effect on the formation of adventitious
roots Jackson (1985) suggested that in flooded plants only the outgrowth of preformed
primordia might be stimulated by ethylene, whereas de novo root formation needs other
stimuli In Chapter 3 we showed that auxin is a strong enhancer of adventitious root
formation in Rumex species Application of auxin induced adventitious roots in non-flooded
plants of both R palustris, a species capable of developing large numbers of adventitious
roots, and R thyrsiflorus, a poor-rooting species, although the difference in the number of
adventitious roots between the species remained to exist It is well known that application of
high concentrations of auxin induces an increase of ethylene production in many plants (e g ,
Imaseki et al 1977, Dubucq et al 1978, Kelly and Bradford 1990) Therefore, the response
we found m auxin-treated plants might be attributed to a higher endogenous ethylene level
Furthermore, Voesenek et al (1990a) showed that ethylene production of waterlogged R
palustris plants increased dramatically The high ethylene concentrations resulting from this
increase had a distinct effect on the leaf and petiole elongation of this species, but the
effects on the formation of adventitious roots are unknown yet
This study aims to determine if ethylene plays a relevant role in the flooding-induced
formation of adventitious roots Two species of the genus Rumex were used for the
experiments Formation of adventitious roots enables survival of most Rumex species during
soil flooding, although the extent of root formation greatly varies between species (Laan et
al 1989, Chapter 2) Therefore, R palustris, a wetland species that forms many adventitious
roots, was compared with R thyrsiflorus, a species of seldom flooded sites that develops
only a few roots upon waterlogging We basically followed the approach described by
Jacobs (1959), who proposed a number of entena for hormone-regulated processes First, the
effects of ethylene application to Rumex plants were compared with the effects of flooding
on adventitious rooting and further morphology of the plants Then, ethylene concentrations
in waterlogged root systems of Rumex species were measured to investigate if responseevoking concentrations could actually be found during flooded conditions Finally, inhibitors
of ethylene synthesis were used to determine if an increased ethylene concentration is a
prerequisite for a complete rooting response dunng flooding
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Materials and methods

Plant growth
Seeds of Rumex palustris Sm. and Rumex thyrsiflorus Fingerti, were collected in the nver
area near Nijmegen (the Netherlands). For soil culture, seeds were germinated on moist
filterpaper in a petn dish (16 h light, 27°C, 20 umol m V PPFD (Philips TL33), 8 h dark,
10°C) After one week, seedlings were transplanted to small plastic pots (diameter 55 mm)
filled with a mixture of potting compost and sand (11; v:v), and raised in a climate room
(20°C, 16 h light, 100 μηιοί m V PPFD (Philips TL84); 8 h dark) for two weeks. Plants
were then transferred to larger pots (diameter 120 mm) and grown in the greenhouse
(temperatures between 15°C and 25°C; 16 h light, minimum 200 umol m 2 s ' PPFD,
maximum 1200 umol m 2 s ' PPFD; 8 h dark) for five weeks.
For hydroponic culture, seeds were germinated m trays filled with black polyethylene grains
(Lacqtene Low Density grains, Elf Atochem, France) soaked in nutrient solution (2 raM
Ca(N03)2, 1 25 mM K 2 S0 4 , 0 5 mM MgS0 4 , 0.5 mM KH 2 P0 4 and the micronutnents
FeEDTA (90 uM), NaCl (50 uM), H,B0 3 (25 μΜ), MnS0 4 (2 uM), ZnS0 4 (2 uM), CuS0 4
(0 5 uM) and H 2 Mo0 4 (0.5 μΜ)). The trays were placed in a growth cabinet (16 h light,
27°C, 20 umol m V PPFD (Philips TL33); 8 h dark, 10°C) for one week, and then
transferred to a climate room (22°C, 16 h light, 120 umol m V PPFD (Philips TL84); 8 h
dark).

Effects of ethylene on soil-grown plants
Uniform plants of R palustris were selected and placed in glass containers (310 χ 200 χ 320
mm; control, submergence and waterlogging treatments) or in desiccators (diameter 260 mm;
ethylene treatments). The water levels in the submergence and waterlogging treatments were
kept at 300 mm from the bottom (plants totally submerged) and at the soil surface,
respectively. In the ethylene and control treatments, a 20-mm layer of water in the
containers, not reaching the bottom of the pots, provided a sufficiently high air humidity. AH
containers and desiccators were made airtight with silicon grease. Different ethylene
concentrations in the desiccators were obtained by injecting appropriate amounts of pure
ethylene (Hoekloos, Dieren, the Netherlands) Concentrations of ethylene were monitored
throughout the duration of the experiment by taking gas samples, which were measured on a
Chrompack 437A gas Chromatograph (Chrompack, Bergen op Zoom, the Netherlands; 1.2 m
χ 2 mm-column Haysep QS). Ethylene was added to the desiccators if concentrations
decreased more than 10% below the required level. After six days, plants were harvested and
the length of the longest leaf, the number of epinastic leaves and the number of adventitious
roots were determined.

54

Chapter 4

Effects of ethylene on hydroponically grown plants
Eight or ten plants of R. palustris (five weeks old) or R. thyrsiflorus (seven weeks old) were
transferred to tempex rafts on 10-1 containers filled with nutrient solution. Air or air mixed
with ethylene was flushed through the container using a bubble stone. The required ethylene
concentrations were obtained by mixing air and 50 μΐ Γ' ethylene in air (Hoekloos, Dieren,
the Netherlands) with a gas blender (HI-TEC type E55N3, Bronkhorst HIGH TECH, Ruurlo,
the Netherlands). Concentrations of ethylene in the nutrient solution were monitored by
placing a small petri-dish at the bottom of the containers with 2 ml of air trapped under it.
After 1 h, gas samples were taken and analyzed on the gas Chromatograph; the concentration
in this air bubble never deviated more than 5% from the ethylene concentration applied.
Waterlogging was mimicked by placing a raft with plants on a container filled with a
stagnant liquid agar solution (0.1%, w/v; nutrient concentration as described before) that had
been flushed with nitrogen 18 h prior to treatment (see Chapter 2 and 3). After seven days
the number of adventitious roots was determined. Although the maximum number of roots
(evoked by hypoxic agar treatment) differed between batches of plants, the relative
differences between treatments remained similar through all experiments (see also Chapter
3).

Endogenous ethylene concentrations
The root system of an intact plant of either R. palustris (five weeks old) or R. thyrsiflorus
(seven weeks old) was placed in a 0.5-1 cuvette filled with a stagnant liquid agar solution
(nutrient concentrations as described before), which had been flushed vigorously with
nitrogen for 1 h prior to the experiment; the cuvette was made air tight at the root-shoot
junction with plasticine. After 24 h, during which water losses due to transpiration were
compensated, the shoot was removed from the root system with a razor blade and the tap
root was sealed with plasticine. The agar solution was then forced out through an outlet at
bottom of the cuvette by flushing the cuvette with a flow of nitrogen gas (10 1 h') through
an inlet at the top of the cuvette. At the moment all agar was driven out, the outlet flow was
connected to a laser-driven photo-acoustic cell (details on this measuring method described
in Harren et al. 1990). Ethylene entrapped in the root system during the stagnant hypoxic
period of 24 h was released into the nitrogen stream and detected on the photo-acoustic cell,
visualized by a large peak (Fig. 1). The surface under this peak was calculated, being the
total amount of endogenous ethylene. Then, the air volume and total volume of the root
system were determined with a pycnometer, using the method of Jensen et al. (1969).
The ethylene concentration in the internal air spaces was calculated by dividing the released
amount of ethylene by the internal air volume, and correcting for ethylene dissolved in the
liquid fraction of the root tissue. For this correction we assumed the solubility of ethylene in
plant tissue to be approximately equal to the solubility in water, and the concentration of
ethylene dissolved in the plant tissue to be in equilibrium with the ethylene concentration in
the air spaces. This means that at equal volumes, 9 times as much ethylene is present in air
as in plant tissue. Ethylene production during the measurement was not likely to occur, since
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Figure 1 Time course of ethylene release from the root system of R thyrsifloras (solid line) and R
palustris (dashed line) when desubmerged (at (])) in a nitrogen atmosphere 24 h after transfer to
stagnant hypoxic agar insertion desubmergence of a R thyrsifloras root system in a nitrogen
atmosphere (1), and replacing the nitrogen by air at (2) Age of the plants five weeks (R palustris)
or seven weeks (R thyrsifloras^

the nitrogen atmosphere prevented oxidation of ACC into ethylene (Voesenek et al. 1993)
Moreover, following the peak of entrapped ethylene (usually 1 5 h) no further ethylene
release could be detected, and only when air instead of nitrogen was flushed through the
cuvette, ethylene production resumed (insertion in Fig. 1).

Inhibitor treatment
Four week old plants of R. palustris were placed on polystyrene rafts (six plants per raft),
floating in a 20-1 container filled with either 10 1 (for AVG treatments) or 18 1 (for АШ
treatments) aerated nutrient solution or stagnant liquid agar solution (deoxygenated with
nitrogen gas for 18 h prior to treatment, 0 1% agar, w/v, nutrient concentrations as in the
nutrient solution). Various concentrations of the ethylene synthesis inhibitors AVG and АШ
and the ethylene precursor ACC were dissolved in the nutrient or agar solution
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Wound ethylene production
Fi ve-week old R. palustris plants were treated for 18 h with different АШ or AVG
concentrations (as described before). Then, one-gram samples of roots of treated and
untreated plants were cut into pieces of approximately 2 mm and placed in sealed 10-ml
serum vials with 0.5 ml water. After 24 h, gas samples were drawn from the vials and
analyzed on a gas Chromatograph to determine wounding-induced ethylene production.

Results
The morphology of waterlogged and totally submerged R. palustris plants differed
considerably from drained plants (Table 1). The length of the longest leaves was greater, and
the number of adventitious roots increased substantially. Treatment of drained plants with
various concentrations of ethylene partially (adventitious root formation) or fully (shoot

Table I. Morphological parameters of drained, waterlogged, totally submerged and ethylene treat
soil-grown R. palustris plants. Age of the plants eight weeks, duration of the treatment six days; η =
6, SEs are given in brackets.
Length of
longest leaf (cm)

Number of epinastic
leaves

Number of
adventitious roots

control (drained)

14.0 (0.9)

0.0 (0.0)

4.8 (0.6)

waterlogging

17.0 (0.8)

0.0 (0.0)

20.8 (2.5)

total submergence

19.9 (3.3)

0.0 (0.0)

23.2 (1.8)

0.5 μΐ Γ' ethylene

15.3 (0.4)

0.8 (0.8)

8.8(1.3)

1

μΐ Γ' ethylene

16.2 (0.5)

2.8 (0.5)

12.3 (2.4)

3

μΐ Γ' ethylene

18.8 (0.5)

2.5 (0.5)

16.0(3.1)

10 μΙ Γ' ethylene

21.1 (0.8)

4.0(1.4)

12.5 (1.6)

Treatment

elongation) mimicked the effects of flooding. A concentration of 1 to 3 μΐ Γ1 ethylene
already evoked the maximum number of adventitious roots, whereas 10 μΐ 1"' was needed for
the greatest response in leaf elongation. An additional effect of ethylene treatment was a
downward bending of some of the leaf blades and petioles; the number of leaves showing
this response increased with higher ethylene concentrations (Table 1).
Hydroponically grown R. palustris plants that were placed on a stagnant hypoxic agar
solution for one week developed a great number of adventitious roots (see legend of Fig. 2),
in contrast to normally aerated plants, which hardly formed any adventitious roots (Fig. 2;

Ethylene and adventitious root formation

•5 60

Τ — ' — I — ' — I — ' — I — ' — I — • — I —

57

r

9

и 50
о
S 40

I 30

•D

л
•5 20

S 10
E

І °

0

1

2

3

4

5

Ethylene concentration (μΙ Γ1)

Figure 2 Number of adventitious roots in hydropomcally grown R palustris (О) and R thyrsiflorus
(9) plants after one week of continuous treatment with various ethylene concentrations The numbe
of adventitious roots in plants placed on stagnant hypoxic agar for seven days was 61 4 (± 0 2) and
18 5 (SE ±2 9) for R palustris and R thyrsiflorus respectively Age of the plantsfiveweeks (n = 10,
R palustris,) or seven weeks (n = 8, R thyrsiflorus), bars indicate SEs

0 μΐ ethylene 1 ') Aerated plants placed on nutrient solution bubbled with various
concentrations of ethylene also demonstrated increased formation of adventitious roots, with
a maximum response at 2 μΐ 1 ' and higher concentrations. R thyrsiflorus showed a similar
pattern, although the maximum number of roots m this species was much lower than in R
palustris (Fig 2) This difference in root formation was not due to a deficiency in ethylene,
since also in R thyrsiflorus the response appeared to be saturated at 2 μΐ 1 ' ethylene
To examine whether the high response-saturating ethylene concentrations were realistic
physiological concentrations in waterlogged root systems, ethylene was extracted from the
roots of R. palustris and R thyrsiflorus plants that had been placed on hypoxic agar. Regular
extraction procedures may cause unpredictable losses of ethylene (Voesenek et al. 1993),
especially when applied to the Fine lateral roots of Rumex species Therefore, a new
procedure based on a highly sensitive photo-acoustic cell was developed that enabled us to
measure the small amounts of ethylene present in the root system The endogenous ethylene
concentration could be derived from this total amount of ethylene and the volume of gas and
tissue in the roots Average ethylene concentrations as high as 1 8 μΐ 1 ' (R palustris) and
9 1 ul 1 ' (/? thyrsiflorus) were detected in the root systems of plants that had been placed on
stagnant hypoxic agar for 24 h (Table 2) The variation between ethylene concentrations was
only small, especially in R palustris, although plants considerably differing in size and thus
in internal air volume were used
To separate the effect of high endogenous ethylene concentrations and other factors related
to the stagnant hypoxic conditions, the use of a proper inhibitor of ethylene biosynthesis was
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control

agar

agar + AIB agar + AIB agar + AIB
(10°M) (SxlO^M)
(10 г М)

Figure 3 Number of adventitious roots in hydroponically grown R. palustris plants, one week after
transfer to normally aerated conditions (control), stagnant hypoxic agar or stagnant hypoxic agar
with various concentrations of AIB. Age of the plants four weeks; η = 6, bars indicate SEs.

Table 2. Amounts of endogenous ethylene, air volumes and ethylene concentrations in individual root
systems of hydroponically grown R. palustris and R. thyrsrflorus plants that were placed on a hypoxic
liquid agar solution for 24 h. Age of the plants five weeks (R. palustris,) or seven weeks (R.
thyrsiflorus,).
Species

Air volume (ul)

Amount of ethylene
(Ш)

Concentration of
ethylene (μΐ 1 ')

R. palustris

121

0.28

2.3

269

0.51

1.9

257

0.37

1.4

251

0.40

1.6

539

0.91

17

Average (± SE)
R thyrsiflorus

1.8 ±0.2

57

0.22

3.8

202

1.80

8.9

192

154

80

197

3.09

15.7

Average (± SE)

9.1 ± 2.5
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essential. Three often used inhibitors, aminooxyacetic acid, propyl gallate and cobalt
chloride, appeared to be toxic (at high concentrations) or without effect (at lower
concentrations) on ethylene production of Rumex leaf and root tissues (data not shown).
However, when either АШ or AVG was applied to the nutrient solution of R. palustris
plants, the production of wound ethylene by cut pieces of root tissue was greatly inhibited
(Table 3).

Table 3. Amounts of ethylene produced by wounded root tissue of hydroponically grown R. palustri
plants treated with either AIB or AVG in the nutrient solution 18 h prior to cutting. Accumulated
ethylene was sampled after 24 h. Age of plantsfiveweeks; η = 3, average values ± SEs.
Amount of ethylene after 24 h (ni g FW"1)

Pretreatment
Control (no inhibitor)
3

AIB 1.5 χ ΙΟ" M
Control (no inhibitor)
6

28.3 ± 4.6 (100%)
3.1 ±0.2 (11%)
13.5 ± 0.7 (100%)

AVG ΙΟ" M

0.9 ±0.1 (6%)

AVG ΙΟ"5 M

0.9 ±0.1 (6%)

Application of high concentrations of AIB to roots of R. palustris plants placed on stagnant
hypoxic agar inhibited the formation of adventitious roots to about 50% of the initial
difference between control and hypoxic plants (Fig. 3). Also AVG suppressed adventitious
root formation of R. palustris on agar (Fig. 4). Inhibition by low AVG concentrations
(IO 6 M) was only limited, but this effect could be fully counteracted by application of the
5
ethylene precursor ACC. When AVG concentrations were higher (IO M), inhibition of
adventitious rooting increased considerably, but at these concentrations ACC could not
completely overcome the inhibitory effects of AVG.

Discussion
Elongation of the shoot (Table 1) is an obvious and well-known effect of submergence on
the morphology of the shoot of R. palustris (Voesenek and Blom 1989, Banga et al. 1995).
This effect has also been described for a number of other plant species, such as deepwater
rice (Bleecker et al. 1987) and Callytriche platycarpa (Musgrave et al. 1972). Voesenek et
al. (1990b) showed that the elongation response in Rumex is mainly caused by cell
elongation in the petioles of the leaves. The benefit of this enhanced shoot growth is
restoration of contact between the plant and the atmosphere during total submergence. In
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Rumex, petiole elongation is induced primarily by high ethylene concentrations in the shoot,
which build up because of the low ethylene efflux from the shoot dunng totally submerged
conditions Application of high ethylene concentrations could therefore evoke the same
elongation response in drained plants (Table 1) Waterlogging also caused enhancement of
shoot elongation, not by entrapment of ethylene in the shoot, but probably by an increased
diffusion of ethylene and ACC, the direct precursor of ethylene, from the roots to the shoot
(Bradford and Yang 1980, Voesenek et al 1990a) In tomato, this transport of ethylene and
ACC from root to shoot is responsible for another morphological response of the plant to
waterlogging, ι e epinasty of the leaves (Jackson and Campbell 1975) This downward
bending of the leaves was found in R palustris plants that were treated with high ethylene
concentrations, but not in the totally submerged or waterlogged plants (Table 1) The reason
why this ethylene-specific response does not occur in submerged plants is not clear yet, but
unpublished work at our department indicates that other factors, such as low oxygen
concentrations in the shoot, may interfere with this response
The formation of adventitious roots was strongly enhanced by both flooding and ethylene
treatment (Table 1) The effect of ethylene was even more clear in the larger hydroponically
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grown plants, in which ethylene application was restricted to the root system (Fig. 2). Both
R. palustris, a species that develops many adventitious roots during waterlogging (Chapter 2)
and R. thyrsiflorus, a poor-rooting species (Laan et al. 1989, Chapter 2), showed increased
numbers of adventitious roots at all applied ethylene concentrations. Concentrations as low
as approximately 0.5 μΐ Γ' already induced a clearly larger number of adventitious roots
compared to the non-treated plants. Concentrations of 2 μΐ Γ' caused initiation of the same
number of roots as during stagnant hypoxic conditions (Fig. 2 and its legend), which are
representative of waterlogged conditions (Chapter 2). This agrees with results of Bleecker et
al. (1987), who found a similar range of root-inducing ethylene concentrations in deepwater
rice.
Although the active concentrations of ethylene were very low in an absolute sense, these
levels are about two to three orders of magnitude higher than atmospheric ethylene
concentrations (ca 0.005 μΐ Γ'). Therefore, one might question whether these high
concentrations actually occur in waterlogged plants. For submerged shoots, Voesenek et al.
(1993) found concentrations up to 4.4 μ] Γ1, but as far as we know, no accurate estimates of
endogenous ethylene concentrations in waterlogged root systems are known up to now. This
is mainly due to the practical problems that accompany such measurements, in particular the
loss of ethylene to the extraction solution or atmosphere, the production of ethylene during
the measurements and the small amounts of ethylene per measurement. In our opinion, we
solved these problems by measuring in an airtight cuvette (no losses), under a nitrogen
atmosphere (no production) and with a very sensitive detector (photo-acoustic cell; detection
limit 0.05 nl Γ1). Twenty-four hours after the plants were placed on a stagnant hypoxic agar
solution, the concentrations of endogenous ethylene in both species were well within the
1
range of concentrations that induced adventitious root formation (i.e. 1.8 μΐ I" and 9.1 ul Γ'
in R. palustris and R. thyrsiflorus respectively; Table 2). These high levels obviously result
from entrapment of ethylene in the roots due to the slow ethylene diffusion from the root
tissues to the water-saturated soil. Because the lateral roots of R. palustris are connected to
the shoot by aerenchyma channels (Laan et al. 1989, Chapter 2), a part of the ethylene
produced in the roots might escape via this route. Aerenchyma in the primary lateral roots of
R. thyrsiflorus is far less well-developed (Laan et al. 1989), which might explain the higher
concentrations of ethylene in this species. On the other hand, we cannot exclude the
possibility that also ethylene production in R. thyrsiflorus is higher than in R. palustris.
Experiments with specific inhibitors of ethylene biosynthesis provided more insight in the
role that ethylene plays in the induction of adventitious roots in Rumex species. Both АШ,
which is an inactive analogue of ACC and competes for binding to ACC-oxidase, and AVG,
which inactivates ACC-synthase (Yang and Hoffman 1984), inhibited the production of
wound ethylene in damaged leaf tissue (Table 3). Since ethylene production rates due to
wounding are much higher than during drained or submerged conditions, we assumed that an
inhibitor capable of suppressing this response would also be effective in decreasing ethylene
production in intact plants. When applied to R. palustris plants on stagnant agar, both
inhibitors decreased the number of adventitious roots that were formed after seven days
(Figs 3 and 4), indicating that ethylene production during waterlogging is a prerequisite for
maximum induction of these roots. The inhibitory effect of AVG could be counteracted by
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simultaneous application of ACC, although this effect was only complete at AVG
concentrations of 10"6 M. Higher concentrations of AVG gave a significantly stronger
inhibitory effect on root formation. Unfortunately, at these concentrations some aspecific
effects on root development occurred, as the inhibitory effect on rooting could not be fully
alleviated by ACC (Fig. 4).
We can summarize that increased ethylene concentrations are essential for the induction of
adventitious root formation in waterlogged Rumex plants. Whether ethylene acts directly on
the formation of adventitious roots, or has an effect on the levels or perception of other
growth inhibitors is not clear yet. Earlier experiments with Rumex showed that auxin too was
a very effective promoter of adventitious root formation in intact plants, and that shoot-borne
auxin appeared to be essential for adventitious rooting during waterlogged conditions
(Chapter 3). This role of auxin might be mediated by ethylene, since numerous authors have
reported on stimulated ethylene production of plant tissue upon treatment with auxin (e.g.,
Imaseki et al. 1977, Dubucq et al. 1978, Kelly and Bradford 1990). On the other hand, auxin
transport (Suttle 1988), metabolism (Beyer and Morgan 1970) and the sensitivity of plant
tissues to this hormone (Berteli et al. 1990) can be changed by high concentrations of
ethylene. Each of these processes might explain the similar responses of Rumex plants to
auxin and ethylene treatments. Further investigations will therefore focus on the interactions
between these two plant hormones.
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An ethylene-mediated increase of sensitivity to auxin induces
adventitious root formation in flooded Rumex palustris plants
Summary
Formation of adventitious roots is an important adaptation of plants to flooded soil
conditions. The wetland species Rumex palustris develops large numbers of these
aerenchymatous roots when flooded. Such root formation can also be evoked by transferring
hydroponically cultured plants to a hypoxic stagnant agar solution, which mimics natural
flooding. Application of either auxin or ethylene to R. palustris plants resulted in a similar
rooting response as in flooded plants. Inhibition of ethylene biosynthesis did not reduce the
number of adventitious roots in auxin-treated plants, which demonstrated that the effect of
auxin was not mediated by auxin-induced ethylene production. On the other hand, ethyleneinduced rooting depended on auxin transport from the shoot, and inhibition of this transport
almost completely prevented formation of adventitious roots. The concentrations of free IAA
in the rooting zone of flooded plants did not change in time and did not differ from nonflooded plants, indicating that rooting was not induced by accumulation of auxin. However,
sufficiently high IAA levels were a prerequisite for the formation of adventitious roots, since
plants that were pretreated with an auxin transport inhibitor showed both a decrease in the
endogenous free IAA concentration in the rooting zone and a decrease in the number of
adventitious roots formed after seven days of hypoxia treatment. Therefore, we concluded
that the process of flooding-induced formation of adventitious roots in R. palustris depended
on both auxin and ethylene. Ethylene concentrations greatly increase after the onset of
flooding due to physical entrapment of this gas in the submerged roots; these high
concentrations sensitize the root forming tissues at the junction of shoot and tap root to
auxin, thus triggering the formation of adventitious roots.
Key words: adventitious roots - auxin - ethylene - flooding - Rumex - sensitivity

Introduction
Flooding causes many changes in the hormone physiology of plants. For instance, transport
of auxin in the roots may be inhibited by soil flooding, resulting in accumulation of auxin at
the base of the shoot (Phillips 1964, Wample and Reid 1979). Other hormones are produced
in larger amounts during flooding, such as ethylene in hypoxic roots (Brailsford et al. 1993,
Voesenek et al. 1990). In wetland plants, the change in hormonal status in the flooded plant
is followed by a number of responses that alleviate the negative effects of flooding. The
mechanisms that underly these adaptations to flooding have been explained in terms of
changes in hormone concentrations or sensitivity to a hormone (see reviews of Reid and
Bradford 1984, Jackson 1990, Voesenek et al. 1992, Blom et al. 1994). However, for one
major adaptation, i.e. adventitious root formation, evidence for a hormone-mediated
regulation is still scarce.
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Adventitious roots contain air channels that connect these roots with the shoot and the
formation of these roots is a prerequisite for long-term survival of many wetland plants
under flooded, oxygen-deficient soil conditions (Justin and Armstrong 1987, Chapter 2) The
induction of adventitious roots has been attributed to several plant hormones (Drew et al.
1979, Wample and Reíd 1979) Two hormones have shown to be of equal importance for the
rooting response in species of the genus Rumex (Chapters 3 and 4) Application of either
auxin or ethylene induced formation of adventitious roots in non-flooded R palustris and R.
thyrsiflorus plants Inhibition of auxin transport from the shoot to the rooting zone decreased
the number of flooding-induced roots (Chapter 3). Also, inhibition of ethylene synthesis in
the roots also led to a decline in root formation under flooded conditions (Chapter 4) From
these experiments it was concluded that sufficiently high concentrations of both these
hormones are essential for the flooding-induced formation of adventitious roots It is well
known that auxin can increase the rate of biosynthesis of ethylene (Imaseki et al. 1977,
Kelly and Bradford 1990), whereas ethylene may affect auxin transport (Beyer and Morgan
1970, Musgrave and Walters 1973, Suttle 1988) or perception (Berteli et al 1990, Liu and
Reíd 1992) The aim of the present study was to establish the individual roles of auxin and
ethylene and the ways in which these hormones interact in the process of flooding-induced
adventitious root formation Intact plants of Rumex palustris were used for these
experiments, as this wetland species readily forms large numbers of adventitious roots when
flooded (Chapter 2)

Materials and methods

Plant growth
Seeds of R. palustris Sm were collected in the Millingerwaard, a river foreland of the nver
Waal (the Netherlands), and sown in flat trays filled with polyethylene grains (Lacqtene Low
Density, Elf Atochem, France) and nutrient solution (2 mM Ca(NO,)2, 1 25 mM K2S04,
0 5 mM MgS04, 0 5 mM KH,P04 and the micronutnents FeEDTA (90 μΜ), NaCl (50 μΜ),
HjBO, (25 μΜ), MnS0 4 (2 μΜ), ZnS0 4 (2 μΜ), CuS0 4 (0 5 μΜ) and H 2 Mo0 4 (0 5 μΜ))
After germination of the seeds at 16 h light (20 μτηοΐ m 2 s ' PPFD (Philips TL33, 27°C) and
8 h dark (10°C) for one week, ihe trays were placed in a climate room (16 h light, 120 μτηοΐ
2
m s ' PPFD (Philips TL84); 8 h dark, 22°C) for one more week Uniform seedlings were
then transferred to polystyrene rafts that floated on nutrient solution (concentrations as
described above) in 20-1 containers (6 to 8 plants per raft) The nutrient solution was well
l
aerated by flushing air through bubble stones at a rate of ca 60 1 h
Hypoxia and ethylene treatment
Waterlogging was simulated by transferring hydroponically grown plants of R palustris from
nutrient solution to a stagnant liquid agar solution (0 1%, w/v, nutrient concentrations as in
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the nutrient solution), which was first de-oxygenated by vigorously flushing with nitrogen
gas
For ethylene treatments, plants of R palustris were transferred to containers or pots in which
the nutrient solution was flushed with various concentrations of ethylene These
concentrations were obtained by blending 50 μΐ 1 ' ethylene (Hoekloos, Dieren, the
Netherlands) with air, using HI-TEC E55N3 gas blenders (Bronkhorst HIGH TECH, Ruurlo,
the Netherlands) Ethylene concentrations in the nutrient solution were examined by
introducing small volumes of ambient air under petri-dishes at the bottom of each container
After allowing these bubbles to become in equilibrium with the gas concentrations in the
nutrient solution, gas samples were drawn and analyzed on a Chrompack 437A gas
Chromatograph (Chrompack, Bergen op Zoom, the Netherlands, 1 2 m χ 2 mm Haysep QScolumn) The ethylene concentrations in these samples were never less than 95% of the
concentration applied
The auxin 1-NAA and inhibitors of auxin transport (NPA, Chapter 3) or ethylene
biosynthesis (AVG, Yang and Hoffmann 1984, Chapter 4) were applied by brushing the
shoots of the plants with an aqueous solution of these substances Ca 0 01% of the detergent
Triton X-100 was added to prevent formation of drops on the leaves
Control plants were routinely included in each experiment These plants were transferred to
fresh nutrient solution at the beginning of the experiment and grown on under well-aerated
conditions
The number of adventitious roots was counted seven days after onset of the treatments
Adventitious roots were easily distinguishable from the normal root system because of their
large diameter and clear white and unbranched appearance The maximum number of
adventitious roots (obtained by treatment with either hypoxic agar, high ethylene
concentrations or auxin concentrations) varied between experiments, but the relative
differences between treatments were not affected by this variation

Measurements of auxin-induced ethylene production
Four-week old plants of R palustris were transferred to 0 6-1 glass cuvettes Half the volume
of the cuvettes was filled with glass beads and nutrient solution, in such a way that the roots
were immersed Either water or 250 μτηοΐ AVG was brushed on the leaves of the plants (as
described m the previous paragraph), and the plants were allowed to acclimatize during
twenty-four hours Then, AVG-pretreated plants were brushed with 25 nmol 1-NAA,
whereas the other plants were brushed with either water or 25 nmol 1-NAA Measurements
of ethylene production started after closing the cuvettes using a lid with an in- and an outlet
The inlet was connected to a stream of ethylene-free air (flow rate 1 1 h '), while in the
outflowing air, ethylene concentrations were measured every 100 minutes during 70 h by
means of photoacoustic spectroscopy (Voesenek et al 1990) Measurements on an empty
cuvette were used for calibration After three days, the cuvettes were opened and fresh
weights of the shoots and the root systems were determined
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Measurements of free IAA concentrations
Five-week old plants of R. palustris were placed on either fresh nutrient solution (control) or
hypoxic agar (as described above). A third group of plants was pretreated with 150 nmol
NPA per shoot 24 h before transfer to agar. After various durations, plants were harvested
and samples of the root-forming zone (i.e. the most apical 5 mm of the tap root) were
quickly frozen in liquid nitrogen and stored at -80°C for a maximum of six weeks. One
group of plants from each treatment (control, agar and NPA-pretreatment/agar) was
harvested after seven days, whereafter the number of adventitious roots was determined.
Purification and quantification of free IAA were basically performed according to Chen et al.
(1988). About 100 to 300 mg of tissue (rooting zones of two plants) were ground in liquid
nitrogen, and ca 5 ml extraction buffer (35% 0.2 M imidazole (pH 7), 65% propanol) was
added to the plant material, together with 150 ng l3C-IAA as an internal reference. The
homogenate was allowed to equilibrate at 4°C for 1 h, after addition of 3.3 kBq 3H-IAA
(specific activity 962 GBq mmol"1; Amersham, UK) to trace the free IAA fraction during
purification. The sample was then centrifugea at 1500 g for 10 minutes and the supernatant
was collected. The pellet was taken up twice in another 1 ml of extraction buffer and
centrifuged. Subsequently, the supernatants were pooled and the propanol in the sample was
evaporated in a Rotavapor R110 rotating evaporator at 45°C. The remaining sample was then
applied to a P456 SPE NH2-column (J.T. Baker Inc., Phillipsburg, NJ) that had successively
been washed with 5 ml hexane, 5 ml acetonitril and two times 5 ml distilled water, and
preconditioned with 5 ml 0.2 M imidazole (pH 7) and two times 5 ml water. After the
extract had passed through the column, the column was successively washed with 5 ml of
hexane, ethyl acetate, acetonitril and methanol. Then free IAA was eluted from the column
with 3 ml 5% acetic acid in methanol. The sample was evaporated until near dryness, taken
up in 120 ul 50% methanol, brought on a HPLC column (Phenomex UL Tracarb 5 ODS(30)
50x4.6 mm reversed phase column connected to a Waters M45 HPLC-pump; pump rate 1 ml
min') and eluted with 1% acetic acid in 25% methanol. The radioactive fractions were
pooled, dried in a warm sandbath under nitrogen gas, taken up in 150 μΐ methanol and
methylated with ca 1.5 ml diluted diazomethane (Cohen 1984) for 5 minutes. The sample
was dried under nitrogen, taken up in 20 ul ethyl acetate and quantified by GC-SIM-MS as
described in Cohen et al. (1986). Extraction, purification and quantification were repeated for
three separate samples of tissue taken at different time intervals per treatment.

Results
Transferring R. palustris plants from aerated nutrient solution to hypoxic agar resulted in the
formation of a large number of adventitious roots (Fig. 1). Application of either a high dose
of auxin (Fig. 1A) or a high concentration of ethylene (Fig. IB) caused a very similar
response in well-aerated plants. When a relatively low dose or concentration of these two
hormones was applied (Fig. 1С), only a limited number of roots was induced. Simultaneous
application of a low auxin dose and a low ethylene concentration almost fully restored the
maximum response.
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control

agar

1-NAA

ethylene

1-NAA +
ethylene

Figure 1. Number of adventitious roots formed by four-week old R. palustris plants, seven days after
transferring the plants to either fresh, well-aerated nutrient solution (control) or to a stagnant
hypoxic agar solution, compared to treatment with (A) a high dose of I-NAA (100 nmol per shoot),
(B) a high concentration of ethylene (2.5 μΐ t'), or (C) a combination of a suboptimal dose of 1-NAA
(25 nmol per shoot) and a suboptimal concentration of ethylene (1.0 μΐ I '); η = 6 (A and C) or 16
(B), error bars indicate SEs.

To separate the effects of auxin and ethylene, experiments were conducted using inhibitors
of auxin transport (NPA) or ethylene biosynthesis (AVG). The ethylene-stimulated formation
of adventitious roots was almost completely counteracted by pretreatment of the shoot of the
plants with NPA (Fig. 2). Treatment of R. palustris plants with 1-NAA almost immediately
resulted in a strong increase in the ethylene production rate (Fig. 3). This peak in ethylene
release was much higher than the stress ethylene peak that control plants produced upon
brushing with water, and only gradually declined in time. Pretreatment of plants with AVG
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transferring the plants to fresh,
well-aerated nutrient solution,
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ethylene (5 μΐ I '), with and without
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Figure 3 Ethylene production (ni h ') of four-week old R palustris plants brushed with water (solid
line), 1-NAA (250 nmol per shoot, dashed line) or 1-NAA (250 nmol per shoot) and AVG (25 nmol
per shoot, dotted line) Time point of brushing is indicated with an arrow Representative lines are
shown, chosen from four plants per treatment

fully prevented this response and reduced auxin-induced ethylene production to almost below
the detection limit of the photoacoustic system (Fig. 3). Auxin-induced formation of
adventitious roots, however, was not negatively affected by this pretreatment (Fig 4) In
fact, AVG seemed to stimulate the auxin effect. These experiments demonstrate that auxin
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Figure 4 Number of adventitious roots formed by four-week old R palustris plants, seven days after
transferring the plants to fresh, well-aerated nutrient solution and brushing the shoots with either
water (control) or 1-NAA (250 nmol per shoot), with and without AVG pretreatment (250 nmol per
shoot), η = 6, error bars indicate SEs

can induce adventitious roots independently of ethylene, whereas the root-inducing effect of
ethylene is mediated by auxin
To establish if a possible change in auxin concentrations triggered flooding-induced
adventitious root formation in R palustris, we quantified the levels of free IAA in the
rooting zone during the time interval in which these roots are irreversibly induced Figure 5
shows that when R palustris plants are treated with hypoxic stagnant conditions and then
transferred back to aerated conditions, the formation of a major part of the maximum
number of adventitious roots was attained at three to four days of hypoxia Even only 6 h of
hypoxia resulted in an increase in the number of adventitious roots formed during the
subsequent period on aerated nutrient solution Induction of the rooting process thus occurs
shortly after the onset of flooding, and auxin concentrations in the root-forming zone were
therefore determined during these first hours of hypoxia In non-treated R palustris plants,
IAA concentrations were rather constant between 50 and 70 ng free IAA g FW ' (Fig 6)
Plants transferred to hypoxic agar also showed little variation in the level of auxin, and,
surprisingly, the concentrations did not differ from those in control plants As expected,
rooting was almost absent in control plants, whereas plants treated with agar had formed
large numbers of adventitious roots seven days after the onset of hypoxia (Table 1 )
Thus, it appears that there is no change in the IAA concentrations of the rooting zone during
the first two days of flooding that could signal the onset of adventitious root formation
Nevertheless, sufficiently high levels of IAA are required for adventitious root formation, as
plants which shoot had been treated with NPA before they were transferred to hypoxic agar,
demonstrated decreased concentrations of free IAA dunng the first 24 h of hypoxia (Fig 6),
followed by a strongly reduced formation of adventitious roots (Table 1 )
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Discussion
Flooding strongly induces the formation of adventitious roots in the wetland species R.
palustris (Chapter 2). The same response was observed in plants grown on a hypoxic
stagnant agar solution or treated with either ethylene or auxin (Fig. 1A, B). Suboptimal
doses or concentrations of either hormone resulted in the formation of only a few
adventitious roots. However, when ethylene and auxin were supplied simultaneously, a
maximum response was obtained at these suboptimal doses (Fig. 1С). An explanation that is
sometimes proposed for such similar effects of auxin and ethylene is the strongly enhancing
effect auxin may have on ethylene production (e.g., Dubucq et al. 1978, Kelly and Bradford
1990). We indeed found an increased production of ethylene in auxin-treated plants (Fig. 3),
but such plants continued to form adventitious roots when ethylene biosynthesis was almost
completely inhibited by application of AVG (Fig. 4). Therefore, accumulation of auxin in the
root-forming zone during flooded conditions was considered to be a likely factor in the
regulation of adventitious root formation. This theory, first proposed by Kramer (1951) and
later confirmed by studies of Phillips (1964) and Wample and Reid (1979), corresponds with
some studies on (not flooding-related) adventitious root formation in cuttings, in which
increased IAA concentrations were found in the basal, root-forming part of the shoot (e.g.,
Maldiney et al. 1986, Blakesley 1994). In our Rumex species, however, free IAA did not
accumulate in the rooting zone (Fig. 6). Therefore, adventitious root formation in R.
palustris during flooding is not induced by a change of the auxin concentration.
Our results do not exclude the possibility that flooding and the subsequent hypoxic
conditions and ethylene accumulation affect auxin transport or auxin metabolism in the
roots. Stagnation of the polar, energy-dependent transport of auxin was supposed to be the
main cause of flooding-induced accumulation of auxin at the base of the shoot (Kramer
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Figure 6. Time course of the concentration offree IAA (ng g FW') in the rooting zone of R. palustris
plants, which were transferred to either fresh, well-aerated nutrient solution (control; O) or stagnant
hypoxic agar with (Ώ) or without (a) NPA pretreatment (150 ntnol per shoot); η = 3 (each sample
from one or two individual plants), error bars indicate SEs.

Table 1. Number of adventitious roots formed by five-week old R. palustris plants seven days after
transferring the plants to fresh, well-aerated nutrient solution, or to a stagnant hypoxic agar solution
with or without NPA pretreatment (150 nmol per shoot); η = 6, ± SEs.
Treatment

Number of adventitious roots

Control

0.2 ± 0.2

Hypoxic agar

81.0 ±5.9

Hypoxic agar + NPA

52.2 ± 13.1

1951, Chapter 3) and subsequent adventitious root formation. In R. palustris, either hypoxic
conditions do not develop in the rooting zone due to internal aeration via aerenchymatous
tissues (Laan et al. 1990, Chapter 2), or accumulation of IAA is prevented by a high
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metabolism and/or conjugation rate of free IAA.
Concentrations of free IAA in control and rooting plants of R. palustris were high (ca 60 ng
g FW '; Fig. 6) compared to auxin concentrations in maize roots (25 ng free IAA g FW ',
Ribaut and Pilet 1994) and carrot roots (3 5 ng free IAA g FW'1, Guivarc'h et al. 1993).
Such high concentrations are usually only found in shoots (e.g., Nordstrom and Eliasson
1991) or roots of 'rooty'-mutants (King 1994), and it is probably the proximity of the shoot
apex (located at ca 1 cm of the rooting zone) of the rosette-shaped R. palustris plant that
causes these constitutively high levels of IAA. Despite the high concentration of endogenous
auxin in non-flooded plants, the levels were not sufficiently high to induce adventitious root
formation in R. palustris, since no constitutive adventitious root system was observed in this
species. Only exceptionally high concentrations of auxin, obtained by applying a large dose
of 1-NAA to the shoot, were able to induce adventitious root formation under these
conditions (Fig. 1A, Chapter 3). Endogenously produced auxin probably never reaches such
high levels.
Still, the rooting process during flooding was not independent of endogenous auxin. Root
formation did require a certain level of free IAA, as low endogenous concentrations in NPApretreated plants (Fig. 6) were followed by a decrease m the number of adventitious roots
formed (Table 1). Therefore, a second factor must be involved that increases the sensitivity
of the root-forming tissue to auxin. Our results show that this factor has to be the large
increase in ethylene concentrations (up to 2 ul 1 ') that occurs in waterlogged root systems of
R palustris (Chapter 4). Ethylene alone could not evoke the rooting response, as ethyleneìnduced formation of adventitious roots was suppressed by NPA-pretreatment (Fig. 2). Only
in combination with sufficiently high concentrations of free IAA (such as found in plants
that were not pretreated with NPA; Fig. 6) ethylene treatment of non-flooded plants resulted
in formation of adventitious roots (Figs IB and 2).
Our results are comparable to those found by Liu and Reíd (1992) with regard to the rooting
response of sunflower hypocotyl cuttings. In their system too, auxin was the primary
regulator in the induction of adventitious roots, and ethylene-stimulated rooting was
mediated by a change in the plant's sensitivity to auxin. However, in their experiments,
ethylene was applied to the cuttings to stimulate rooting, whereas in our case accumulation
of endogenously produced ethylene is an intrinsic factor in the natural flooding event.
In conclusion, we reason from our results that the formation of adventitious roots in flooded
R. palustris plants is preceded by a rapid and large increase in the endogenous ethylene
concentration, whereas the endogenous auxin concentration does not change. The high
ethylene concentration, which is mainly caused by the physical entrapment of ethylene in the
submerged roots, sensitizes the root-forming tissue to auxin. This increased sensitivity to the
constitutively high concentrations of endogenous free IAA subsequently induces the
formation of adventitious roots, necessary for the survival of flooded Rumex plants.

Interactions between auxin and ethylene

77

References
Berteli G, Bolander E, Eliasson L (1990) Factors increasing ethylene production enhance
the sensitivity of root growth to auxins. Physiol Plant 79: 255-258
Beyer Jr. EM, Morgan PW (1970) Effect of ethylene on the uptake, distribution, and
metabolism of indoleacetic acid-l-14C and -2-l4C and naphthaleneacetic acid-l-14C. Plant
Physiol 46: 157-162
Blakesley D (1994) Auxin metabolism and adventitious root initiation. In: TD Davies, BE
Haissig, eds, Biology of adventitious root formation. Plenum Press, New York, pp 143154
Blom CWPM, Voesenek LACJ, Banga M, Engelaar WMHG, Rijnders JGHM, Van de
Steeg HM, Visser EJW (1994) Physiological ecology of riverside species: adaptive
responses of plants to submergence. Ann Bot 74: 253-263
Brailsford RW, Voesenek LACJ, Blom CWPM, Smith AR, Hall MA, Jackson MB
(1993) Enhanced ethylene production by primary roots of Zea mays L. in response to
sub-ambient partial pressures of oxygen. Plant Cell Environ 16: 1071-1080
Chen KH, Miller AN, Patterson GW, Cohen JD (1988) A rapid and simple procedure for
the purification of indole-3-acetic acid prior to GC-SIM-MS analysis. Plant Physiol 86:
822-825
Cohen JD (1984) Convenient apparatus for the generation of small amounts of
diazomethane. J Chromatogr 303: 193-196
Cohen JD, Baldi BG, Slovin JP (1986) 13C6-[benzene ring]-indole-3-acetic acid. A new
internal standard for quantitative mass spectral analysis of indole-3-acetic acid in plants.
Plant Physiol 80: 14-19
Drew MC, Jackson MB, Giffard S (1979) Ethylene-promoted adventitious rooting and
development of cortical air spaces (aerenchyma) in roots may be adaptive responses to
flooding in Zea mays L. Planta 147: 83-88
Dubucq M, Hofinger M, Gaspar Τ (1978) Auxin-controlled root growth and ethylene
production. Plant Cell Environ /: 151-153
Guivarc'h A, Caissard J-C, Brown S, Marie D, Dewitte W, Van Onckelen H, Chriqui D
(1993) Localization of target cells and improvement of Agrobacterium-mediated
transformation efficiency by direct acetosyringone pretreatment of carrot root discs.
Protoplasma 174: 10-18
Imaseki H, Watanabe A, Odawara S (1977) Role of oxygen in auxin-induced ethylene
production. Plant Cell Physiol 18: 577-586
Jackson MB (1990) Hormones and developmental change in plants subjected to
submergence or soil waterlogging. Aquat Bot 38: 49-72
Justin SHFW, Armstrong W (1987) The anatomical characteristics of roots and plant
response to soil flooding. New Phytol 106: 465-495
Kelly MO, Bradford KJ (1990) Ethylene synthesis and growth of tomato hypocotyls:
induction by auxin and fusicoccin and inhibition by vanadate. J Plant Growth Regul 9:
43-49

78

Chapter 5

King JJ (1994) Adventitious root formation and auxin homeostasis in Arabidopsis thaliana
L. Heynh.: genetic and physiological analyses. PhD Thesis, University of Wisconsin,
Madison
Kramer PJ (1951) Causes of injury to plants resulting from flooding of the soil. Plant
Physiol 26: 722-733
Laan Ρ, Tosserams M, Blom CWPM, Veen BW (1990) Internal oxygen transport in
Rumex species and its significance for respiration under hypoxic conditions. Plant Soil
122: 39-46
Liu J-Η, Reid DM (1992) Auxin and ethylene-stimulated adventitious rooting in relation to
tissue sensitivity to auxin and ethylene production in sunflower hypocotyls. J Exp Bot 43:
1191-1198
Maldiney R, Pelése F, Pilate G, Sotta В, Sossountsov L, Miginiac E (1986) Endogenous
levels of abscissic acid, indole-3-acetic acid, zeatin and zeatin-riboside during the course
of adventitious root formation in cuttings of Craigella and Craigella lateral suppressor
tomatoes. Physiol Plant 68: 426-430
Musgrave A, Walters J (1973) Ethylene-stimulated growth and auxin-transport in
Ranunculus sceleratus petioles. New Phytol 72: 783-789
Nordstrom Α-C, Eliasson L (1991) Levels of endogenous indole-3-acetic acid and
indole-3-acetylaspartic acid during adventitious root formation in pea cuttings. Physiol
Plant 82: 599-605
Phillips IDJ (1964) Root-shoot hormone relations. II. Changes in endogenous auxin
concentrations produced by flooding of the root system in Helianthus annuus. Ann Bot
28: 37^5
Reid DM, Bradford KJ (1984) Effects of flooding on hormone relations. In: TT Kozlowski,
ed. Flooding and plant growth. Academic Press, Orlando, pp 195-219
Ribaud JM, Pilet PE (1994) Water stress and indol-3yl-acetic acid content of maize roots.
Planta 193: 502-507
Suttle JC (1988) Effect of ethylene treatment on polar IAA transport, net IAA uptake and
specific binding of N-1-naphthylphthalamiç acid in tissues and microsomes isolated from
etiolated pea epicotyls. Plant Physiol 88: 795-799
Voesenek LA СJ, Harren FJM, Bögemann GM, Blom CWPM, Reuss J (1990) Ethylene
production and petiole growth in Rumex plants induced by soil waterlogging. The
application of a continuous flow system and a laser driven intracavity photoacoustic
detection system. Plant Physiol 94: 1071-1077
Voesenek LACJ, Van der Sman AJM, Harren FJM, Blom CWPM (1992) An
amalgamation between hormone physiology and plant ecology: a review on flooding
resistance and ethylene. J Plant Growth Regul 11: 171-188
Wample RL, Reid DM (1979) The role of endogenous auxins and ethylene in the formation
of adventitious roots and hypocotyl hypertrophy in flooded sunflower plants {Helianthus
annuus). Physiol Plant 45: 219-226
Yang SF, Hoffman NE (1984) Ethylene biosynthesis and its regulation in higher plants.
Annu Rev Plant Physiol 35: 155-189

Chapter 6
Growth of primary lateral roots
and adventitious roots during
conditions of hypoxia and high
ethylene concentrations

Effects of hypoxia and ethylene on root growth

81

Growth of primary lateral roots and adventitious roots during
conditions of hypoxia and high ethylene concentrations
Summary
During soil flooding, gas diffusion rates between the rhizosphere and the roots of plants
decrease strongly. Consequently, respiratory activity results in low oxygen concentrations in
the root system. On the other hand, ethylene produced by the roots accumulates and
concentrations increase within hours after the onset of flooding. Both the decrease in oxygen
concentrations and the increase in ethylene concentrations were shown to have a strongly
negative effect on the root growth of two species of the genus Rumex that differed in the
amount of aerenchyma in their roots. The effect of low oxygen concentrations was less
severe when the roots contained aerenchymatous tissues, like in R. palustris. The species
with a low root porosity, R. thyrsiflorus, was much more affected. Ethylene had an even
stronger effect on root growth; even very low concentrations (0.1 μΐ Γ') reduced root growth
in the two species, and the effect of higher concentrations was more severe than the
inhibition caused by total anoxia. Thus, ethylene most likely seriously attributes to the
negative effects of flooding on root growth. Aerenchyma in the root tissue may prevent the
negative effects of flooding on gas exchange, as the highly aerenchymatous adventitious roots
of R. palustris, which are formed during soil flooding, can still grow in a flooded soil. This
paper shows that this growth depends completely on shoot-derived oxygen. It also provides
evidence that ethylene concentrations in these adventitious roots do not increase above
inhibitory levels, since the aerenchyma channels provide a low-resistance diffusion pathway
from the root tips to the shoot for endogenously produced ethylene.

Key words: aerenchyma - ethylene - flooding - hypoxia - root growth - Rumex

Introduction
Root growth is affected by many environmental factors and usually very sensitive to conditi
ons that stress the plant. A condition that is particularly harmful to root growth and survival
is anaerobiosis. In the field, hypoxic and anoxic conditions especially occur in root tissues
that grow in water saturated soil. During soil flooding or waterlogging, the diffusion of gases
from the atmosphere to the soil and vice versa is severely hampered because of the low
diffusion rate of gases in water. Under these conditions, abiotic oxidation processes and
aerobic respiration of plant roots and micro-organisms very quickly reduce soil oxygen
concentrations (Drew 1992). Plant roots may survive these circumstances by the
development of several morphological, anatomical and metabolical adaptations (Jackson and
Drew 1984, Blom et al. 1994). These adaptations enable either anaerobic respiration of the
roots or oxygen diffusion from non-submerged or photosynthesizing tissues to the root
system, allowing the roots to grow in the hostile environment of an anaerobic soil. However,
the primary lateral root system of most terrestrial plants cannot develop effective
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adaptations, and is thus very susceptible to long-term anaerobiosis (Laan et al. 1991). In a
variety of species, formation of new, adventitious roots can be found when the plants are
waterlogged (reviewed by Jackson and Drew 1984). These adventitious roots often contain
more aerenchyma than the primary lateral roots and are thus supposed to be less affected by
anaerobic soil conditions. In our study we used two species differing greatly in their
resistance to flooding and in their extent of adventitious root formation. Rumex thyrsiflorus
is a non-tolerant species with a very low porosity (volume of air per volume of tissue) in the
primary lateral roots. This species develops some adventitious roots in response to flooding,
but also these new roots contain hardly any aerenchyma (Laan et al. 1989, Chapter 2). The
closely related and flooding-resistant species Rumex palustris, however, develops primary
lateral roots with a considerably larger content of aerenchyma, and flooding induces the
development of adventitious roots with an even higher porosity. The growth of these
adventitious roots appears to be almost unaffected by flooded soil conditions (Chapter 2).
The low diffusion rate of gases in a flooded soil not only reduces the availability of oxygen
for the root system, but also causes entrapment of gases produced in the roots (Jackson
1985). The gaseous hormone ethylene is biosynthesized in very small amounts, but its
endogenous concentrations can increase a five-hundred fold during waterlogged conditions
(Chapter 5). This hormone is known for its negative effect on root growth, even at relatively
low concentrations (Konings and Jackson 1979). We therefore hypothesized that
accumulation of ethylene (and possibly also other gases, such as carbon dioxide) in a
flooded root system may be as injurious for root growth as low oxygen concentrations are.
The following experiments were performed to test this hypothesis and to find an explanation
for the relatively high growth rates of adventitious roots of R. palustris in flooded soils.
First, to compare the negative effects of low oxygen concentrations and high ethylene or
carbon dioxide concentrations, the growth rate of primary lateral roots of R. thyrsiflorus and
R. palustris was measured under various concentrations of oxygen, carbon dioxide and
ethylene. Then, the effect of exogenously applied ethylene on the growth of adventitious
roots of R. palustris was compared with the effect on primary lateral root growth. This
revealed that the high resistance of these adventitious roots to flooding was not caused by an
inherent insensitivity of the tissue to ethylene accumulation. Therefore, we determined how
well diffusion of gases such as oxygen and ethylene was facilitated by the aerenchyma
channels in the adventitious roots, thus preventing oxygen deficiency or ethylene
accumulation. For these measurements, a cuvette was designed that enabled us to measure
ethylene diffusion rates in one single root.

Materials and Methods

Plant growth
Seeds of R. palustris Sm. and R. thyrsiflorus Fingerli., collected from natural populations in
the floodplain of the river Waal near Nijmegen (the Netherlands), were sown on
polyethylene grains (Lacqtene Low Density, Elf Atochem, France) that were soaked in
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nutrient solution (2 mM Ca(N0 3 ) 2 , 1.25 mM K2SO„, 0.5 mM MgS0 4 , 0.5 mM KH 2 P0 4 and
the micronutrients FeEDTA (90 μΜ), NaCl (50 uM), H 3 B0 3 (25 μΜ), MnS0 4 (2 uM),
ZnS0 4 (2 μΜ), CuS0 4 (0.5 μΜ) and H 2 Mo0 4 (0.5 uM)). After germination (one week at
16 h 20 μτηοΐ m V PPFD (Philips TL33), 27°C; 8 h dark, 10°C) the seedlings were placed
in a climate room for two weeks (16 h 120 μιηοΐ m"Vl PPFD (Philips TL84), 22°C and 8 h
dark, 20°C; relative humidity 50%) and then transferred to hydroponic culture. The
hydroponic system consisted either of three 20-1 containers connected to a 30-1 vessel,
through which nutrient solution was circulated at a rate of 13 1 h ' , or of single 20-1
containers filled with nutrient solution, in which losses due to evaporation were compensated
three times a week. In both systems, six to eight plants were mounted in polystyrene rafts,
and the nutrient solution was aerated by flushing air through bubble stones at a rate of
60 1 h'.

Measurement of root growth rates
One or two plants of R. palustris or R. thyrsiflorus were placed on a small glass cuvette
(10 χ 10 χ 15 cm), which was placed on top of a 1.5 1 reservoir. All sides but the front of
the cuvette were covered with black tape. Up to eight lateral roots were led into capillary
glass tubes (internal diameter 1 mm for primary lateral roots, 2 mm for adventitious roots)
that were mounted at the inner side of the transparent front of the cuvette. These tubes
protruded through the bottom of the cuvette, thus permitting nutrient solution, which was
pumped from the reservoir into the cuvette at a rate of 1 1 h', to flow back into the
reservoir. The surplus of nutrient solution left the cuvette via an overflow outlet that was
connected to the reservoir. This system allowed us to immobilize a number of intact roots
for growth measurements. During each experiment, a continuous flow of nutrient solution
flushed along the roots in the capillaries, and various concentrations of oxygen or ethylene
could be applied to the roots by flushing these concentrations through the nutrient solution in
the reservoir. At the start of an experiment, the nutrient solution was flushed with air
through a bubble stone. After an acclimatization period of 1 h, the exact vertical position of
the root tips was determined at intervals of 15 to 30 minutes using a Vernier travelling
microscope (accuracy ± 0.02 mm). The front of the cuvette was covered with a black plastic
sheet, when no measurements were in progress. The growth rate of each individual root was
calculated from regression of at least six measurements (Fig. 1). Series of measurements
with a regression coefficient of 0.95 or lower were not used in the data presented. After
determining these 'control growth rates*, aeration was switched to flushing with either a
mixture of air with ethylene, carbon dioxide or nitrogen, or pure nitrogen gas at a rate of
1 1 h'. Gas mixtures were either prepared with a HI-TEC E55N3 gas blender, using
pressurized air, nitrogen and 50 ul Γ' ethylene in air from a gas cylinder (Hoekloos, Dieren,
the Netherlands) or obtained from a manufacturer (Hoekloos, Dieren, the Netherlands).
Measurements with a Consort oxygen-sensitive electrode showed that within less than
30 minutes (often already after 15 minutes) oxygen concentrations in the nutrient solution
equalled those of the gas mixture that was applied. Therefore, measurements of the vertical
position of the root tips resumed 30 minutes after switching gas concentrations (Fig. 1).
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Time (minutes)

Figure 1 Example of accumulative root
extension (mm) of a primary lateral root of R
palustris during aerated (0-120 minutes) and
hypoxic (0 4% oxygen) conditions (130-260
minutes) Regression lines are drawn for each
treatment

Again, at least six measurements per root were used for calculation of the growth rate For
determining the effect of anoxic shoot conditions on root growth, a transparent glass 5-1
compartment, covering the shoot, was placed on top of the cuvette and flushed with nitrogen
gas The effect of the treatments was expressed as percentage of the control growth rate

Measurements of ethylene diffusion rates
Segments with a length of either 5 or 9 5 mm were cut from adventitious roots with a
minimum length of 15 cm (diameter approximately 1 4 mm) A segment was placed in a
cuvette, constructed of glass and consisting of four compartments ( 8 ml each) that were
connected to each other by a small aperture (diameter 2 mm, see Fig 2A) Either three
(50-mm segments) or four (95-mm segments) compartments were used, the root segments
protruding for no more than 2 mm into the outer compartments These two outer
compartments were closed with a rubber septum, while warm agar (3% w/v, temperature
40°C) was poured in the interstitches between the compartments to prevent gas diffusion via
other ways than through the root After congelation of the agar, the middle compartments
were filled with water An inlet syringe, connected to a flow of ethylene-free air, and an
outlet syringe, connected to a photoacoustic ethylene detector (Voesenek et al 1990), were
pushed through the septum of one of the outer compartments The basis production of
ethylene by the root was measured during 1 5 h (Fig 2B), whereafter an exact volume of
50 μΐ 1 ' ethylene was injected in the opposite outer compartment of the cuvette At the same
moment an equal volume of gas was carefully withdrawn from this compartment to prevent
an increase in pressure After measuring the release of ethylene from the root segment for
1 5 h, the segment was squeezed with a pair of tweezers to block diffusion through the
aerenchymatous channels of the root Ethylene release was then measured for another 0 5 h
(Fig 2B) to check if ethylene diffusion between the compartments had exclusively occurred
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through the root segment. The ethylene diffusion rate was defined as the difference between
the basis ethylene production (0-1.5 h) and the maximum ethylene release rate following
application of ethylene to the opposite compartment (1.5-3 h).

Results
Exogenous oxygen concentrations of less than 5% or lower severely decreased the growth
rate of primary lateral roots of both R. palustris and R. thyrsiflorus (Fig. 3). However, roots
of R. thyrsiflorus were much more affected by these hypoxic conditions than roots of R.
palustris. Total anoxia in the nutrient solution could not completely inhibited root growth in
these species, as average root growth rates were 46% and 22% of the control growth rate
(i.e. growth rate under conditions of 21% oxygen) for R. palustris and R. thyrsiflorus,
respectively. Oxygen concentrations between 5% and 10% had only a minor negative effect
on root growth.
Carbon dioxide concentrations 300 times as high as in ambient air reduced the growth rate
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Figure 3 Effect of various oxygen
concentrations on the root growth of
primary lateral roots of R palustns (O)
and R thyrsiflonis (O) (% of growth
during aerated (control) conditions)
Error bars indicate SEs, η = 4-8 Average
growth rates of the primary lateral roots
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palustns and 1 2 mm h' (SE ± 0 1, n=24)
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of pnmary lateral roots, but not to a great extent (Table 1) When carbon dioxide-free air
was flushed through the nutrient solution, a slight enhancement of growth was observed
compared to the growth rates of roots grown in nutrient solution flushed with normal air
(0 03% carbon dioxide)
Table 1 Growth of primary roots of R palustns under conditions of high carbon dioxide
concentrations (± SEs, η = 4-8) Control growth was 1 78 (SE ± 0 18) mm h' and 1 72 (SE ± 007)
mm h ' for no C02 and high C02 treatments, respectively
Concentration C0 2 (21% 0 2 ,restN2)

Growth rate

0 03% COj (air)

100

0%

1085 ± 2 2

10% c o 2

79 9 ± 4 3

Ethylene, however, already negatively affected root growth of both R palustns and R.
thyrsiflonis at concentrations as low as 0 1 to 0 3 ul 1 ' (Fig 4). Remarkably, the growth
inhibition of R palustns roots at ethylene concentrations up to 1 ul 1 ' was greater than that
of R thyrsiflonis roots The greatest inhibitory effects were found at high ethylene
concentrations (ca 5 ul 1 '), which caused a decrease in root growth of both species to ca 15
to 25% of the control growth rate These measurements were generally performed during the
first two hours of ethylene treatment The 'long-term' effects of high ethylene concentrations
were even stronger, as the growth rate of R palustns roots that were treated with 25 ul 1 '
ethylene first decreased to an average of 20 8% (SE ± 2.5%, n=7) of the control growth rate
during the first two hours, and then further declined to 12 1% (SE ± 1.7% , η = 5) dunng
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Figure 4 Effect of various ethylene
concentrations on the root growth of
primary lateral roots of R palustris (О)
and R thyrsiflorus (O) (% of growth
during aerated (control) conditions)
Error bars indicate SEs, η = 4-8 Average
growth raies of the primary lateral roots
were 16 mm h' (SE ±01, n=24) for R
palustris and 0 9 mm h' (SE ±01, n=19)
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Figure 5 Effect of various ethylene concentrations on the root growth of primary lateral (O) and
adventitious (·,) roots of К palustris (% of growth during aerated (control) conditions) Error bars
indicate SEs, η = 4-8 Average growth rates were 0 9 mm h ' (SE ±02, n=38) and 1 1 mm h ' (SE
±01, n=31) for primary lateral roots and adventitious roots, respectively

the following two hours
The growth of adventitious roots of R palustris was also severely inhibited over a wide
range of ethylene concentrations (Fig 5), and the extent of inhibition was similar to that of
primary lateral roots However, although ethylene applied to the nutrient solution strongly
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reduced root growth, adventitious roots with a maximum length of 21 cm were observed in
plants grown on a hypoxic stagnant agar solution (simulated waterlogging) for seven days
(unpublished data) With a root growth rate as observed during oxygen deficiency (Fig 4) or
ethylene application (Fig 5), these lengths could not have been attained during a seven-day
period To determine the role of internal aeration in the growth of adventitious roots in
flooded environments, growth rates of adventitious roots of R palustris were measured
under anoxic conditions while simultaneously oxygen diffusion from the shoot to the roots
was prevented When only the nutrient solution in which the roots were grown was deoxygenated, root growth still continued at more than half the growth rate of that under
aerated conditions (Table 2) However, additional flushing of the shoot compartment with
nitrogen gas almost completely inhibited root growth

Table 2 Growth of adventitious roots of R palustris during well-aerated conditions and during
anoxia in the nutrient solution and shoot compartment (± SEs, η = 4-8)
Treatment

Growth rate (mm h ')

Air

168 ± 0 15 (100%)

Nitrogen in root compartment

0 88 ± 0 09

(53%)

Nitrogen in root and shoot compartment

0 03 ± 0 01

(2%)

The previous experiment indicated that shoot-to-root oxygen diffusion is important in the
maintenance of growth in adventitious roots in anaerobic environments However, we
wondered whether the aerenchyma channels were similarly effective in removing high
ethylene concentrations from the root tips Therefore, measurements were earned out in
order to estimate the rate at which endogenously produced ethylene may diffuse from the
root tip to the shoot or non-elongating root parts Applying a concentration of ca 6 ul 1 '
ethylene to one end of a 95-mm long adventitious root segment of R palustris resulted ш a
rapid release of considerable amounts of ethylene at the other end (Table 3) The use of
shorter segments or application of a higher concentration gradient resulted in higher release
rates of ethylene

Discussion
Diffusion of gases between the root system of plants and the soil is strongly hampered when
the soil is flooded, since gas diffusion rates in water are approximately 10,000 times lower
than in air (Jackson 1985) It is obvious that these conditions result in a rapid decrease of
oxygen availability for the roots Many studies have been conducted to estimate internal
oxygen concentrations in flooded roots (e g, Armstrong 1979) and their effect on root
development (Trought and Drew 1980, Bertam and Brambilla 1982, Laan et al 1991, Waters
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Table 3. Diffusion rates of ethylene through adventitious root segments of R. palustris of various
lengths at different concentration gradients (± SEs; η - 4-8).
Length of root
segment (mm)

Concentration
gradient (μ! Γ')

number of
measurements

Diffusion rate
(nl ethylene h~')

95

6.1 ±0.1

3

1.3 ±0.3

50

6.2 ± 0.3

3

3.3 ± 0.9

50

11.7 ±0.4

2

3.9 ±0.9

et al. 1991). The method we used to measure root growth enabled us to draw conclusions on
the short-term effects of flooding-related changes in the internal gas atmosphere on root
extension. Growth of primary lateral roots of the two Rumex species studied was not
inhibited by oxygen concentrations higher than 5%, but lower concentrations reduced root
growth, particularly in R. thyrsiflorus (Fig. 3). The more aerenchymatous roots of R.
palustris (Chapter 2) were even in anoxic nutrient solution still capable of growing at almost
halve the maximum rate.
Concentrations of gases other than ethylene probably change too during flooding. Carbon
dioxide produced by respiratory activity accumulates in the flooded plant (Stiinzi and Kende
1989), although recent work of Madsen and Breinholt (1995) suggests that in some cases
carbon dioxide concentrations in the shoot are so low that they limit growth. This may be
true for the photosynthesizing shoot, but we expect carbon dioxide levels to increase in the
flooded root system, especially when anaerobic metabolism is induced. In R. palustris,
carbon dioxide concentrations as high as 10% did not greatly influence root growth (Table
1). Also the complete absence of carbon dioxide in the nutrient solution hardly changed root
growth. It is therefore not likely that increased carbon dioxide concentrations play an
important role in the reduced growth of Rumex roots under flooded conditions.
Ethylene, however, is known for its strong effects on root growth. Entrapment of ethylene in
waterlogged Rumex plants can lead to extremely high levels (2 ul Γ' in R. palustris and 9 μΐ
1
Γ in R. thyrsiflorus roots; Chapter 4). Very low concentrations (up to 0.1 μΐ Γ') may
stimulate extension of roots (Konings and Jackson 1979), but higher levels (1-10 ul Γ')
always appear to reduce growth (in rice, tomato and mustard, Konings and Jackson 1979; in
Epilobium hirsutum and Chamerion angustifolium, Etherington 1983). We conclude from our
1
experiments that high ethylene concentrations (higher than 0.5 ul Γ ) have an even stronger
negative effect on the growth of roots of R. palustris than hypoxia has (compare Figs 3 and
4), especially in the long-term. Also in R. thyrsiflorus, ethylene concentrations such as found
in plants that were waterlogged for 24 h (Chapter 4) had a negative effect on the growth of
the primary lateral roots (fig. 4). In this species, the effects of high ethylene concentrations
were similar to those found when the nutrient solution was flushed with pure nitrogen. Up to
now, oxygen deficiency was thought to be the main factor in the effects of flooding on root
growth, but our results show that ethylene must have a major contribution in the cessation of
primary lateral root growth in waterlogged Rumex species.
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Exogenously applied ethylene also negatively affected growth of adventitious roots of R.
palustris (Fig. 5). This is in contrast with the fact that waterlogged R. palustris plants
produce large numbers of adventitious roots (Chapter 2), which can grow to a considerable
length within one week. Possibly, adventitious roots have an inherently low ethylene
production rate, resulting in lower endogenous concentrations during flooding. Unfortunately,
we could not determine the ethylene production of a single intact root tip, and measurements
on severed root tips were obscured by the rapid production of wound ethylene (unpublished
data). However, ACC concentrations (the direct precursor of ethylene) and mRNA levels of
ACC-oxidase did not substantially differ from those in primary lateral roots during flooded
conditions (unpublished data), and thus we have no reason to expect different ethylene
production rates. We therefore investigated whether the aerenchymatous structure of
adventitious roots might explain the discrepancy in the observed root growth during flooding
and the high sensitivity of these roots to ethylene. Aerenchyma formation is a well-studied
anatomical adaptation to flooded conditions, and enables the diffusion of oxygen from the
emerging shoot parts to the root system (Armstrong 1979, Laan et al. 1990). This shootderived oxygen is responsible for the maintenance of aerobic root metabolism (Laan et al.
1990), and can even support adventitious root growth in anoxic nutrient solution (Table 2;
Laan et al. 1991).
Measurements on isolated segments of adventitious roots revealed that with a sufficiently
large concentration gradient considerable amounts of ethylene diffused through the root
segments (Fig. 2; Table 3). Using our measurements and assuming that diffusion rates are
directly proportional to the concentration gradient and inversely proportional to the length of
the segment, the average diffusion rate through a root with a length of 1 cm at a
concentration gradient of 1 μΐ Γ' was calculated to be 2.2 (SE ± 0.3) nl ethylene h'. As
mentioned before, we could not determine the ethylene production of a single intact root tip,
but from the literature it is known that ethylene production of intact roots of seedlings of
tomato, mustard and rice ranges between 1.5 and 6.5 nl g"1 FW h"' (Konings and Jackson
1979). Root tips of maize produce ca 17 nl ethylene g"1 FW h', which is considerably more
than the production rate of root tissue at a greater distance from the root apex (Atwell et al.
1988). Therefore, we assumed that the apices of adventitious roots of R. palustris (weighing
about 1 mg) had an ethylene production rate of maximally ca 15 pi ethylene h"1 per root tip.
With increasing ethylene concentrations in the root tip, ethylene diffusion from the root tip
to the shoot will increase until an equilibrium between ethylene production and diffusion has
been reached. As shown above, the rate of ethylene diffusion through a root segment with a
length of 1 cm over a concentration gradient of 1 μΐ Γ' will amount to 2.2 nl h'. This means
that for an adventitious root with a length of 20 cm (diffusion rate 2.2/20 nl h' =0.11 nl h"1
at a concentration gradient of 1 μΐ Γ'), the ethylene diffusion equals the ethylene production
of a root tip (ca 0.015 nl ethylene h ' ; see above) when a concentration gradient of ca
0.015/0.11 nl h ' = 0.15 μΐ Γ' between the flooded root tip and the basal end of the root has
been reached. At that moment, the ethylene concentration will not further increase. This
concentration is probably below the ethylene concentrations that seriously affected
adventitious root growth in our experiments (Fig. 5). Thus, internal aeration is not only an
efficient mechanism to provide shoot-derived oxygen for growing root tips during flooded
conditions, but it may also be capable to keep ethylene concentrations sufficiently low and
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prevent ethylene-mediated inhibition of root growth. We are aware of the fact that the
calculations as mentioned above are a simplified approach of the actual in vivo process of
gas diffusion in plant roots. The schizogenous aerenchyma in adventitious roots of Rumex is
first found at a distance of 3 to 5 mm from the apex (Laan et al. 1989), which means that
gas diffusion rates in the most apical millimeters of the root are lower than in the segments
that were used in our experiments. Also, other parts of the diffusion pathway, such as the tap
root and petioles might have different porosities (Chapter 2) and therefore different diffusion
resistances than the adventitious roots have. Nonetheless, as far as we know, the presented
experiments are the first attempt to measure ethylene diffusion in root tissue and they add
valuable information to the theoretical approaches of gas diffusion within plant roots as
described by Armstrong and coworkers (e.g., Armstrong 1979, Gaynard and Armstrong
1987).
Summarizing, this paper shows that ethylene accumulation, a result of entrapment of
endogenously produced ethylene, may have an equal or even greater contribution to
flooding-related inhibition of primary lateral root growth than oxygen deficiency has. Growth
of adventitious roots is less impaired by flooding, since these roots have extensive
aerenchymatous tissues. It is a generally accepted idea that these channels enable oxygen
diffusion from the shoot to the roots and prevent oxygen deficiency in the flooded root
system. However, our data show that an equally important function may be the export of
ethylene from the root tips, preventing the formation of growth-inhibiting concentrations
during waterlogging.
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Summary and general discussion
In the last decade, the genus Rumex has served as a model for the study of adaptive traits in
plants to flooding. Several Rumex species can be found in the Dutch river floodplains,
occupying an elevation gradient that differs in flooding frequency, depth and duration (Blom
1990). The exact position of each species along this zonation appears to predominantly result
from the sensitivity of a species to flooding, and thus from its ability to adapt to flooded
conditions (Blom et al. 1990, Blom et al. 1994, theses of Laan (1990), Voesenek (1990),
Van der Sman (1992) and Engelaar (1994)). Clear differences between species have been
found on the level of anaerobic respiration, root porosity and shoot elongation (reviewed by
Voesenek et al. 1992, Voesenek and Van der Veen 1994), which all correlate well with the
differences in occurrence of flooding in the various habitats of the species. Much progress
has been made on the field of the hormonal regulation of shoot elongation (Voesenek and
Van der Veen 1994), leading to a better understanding of the differences between floodingsensitive and flooding-resistant species. This thesis aims to provide a similar insight into the
hormonal regulation of adventitious root formation, which may be the most important
morphological adaptation of Rumex plants to conditions of soil flooding.
In the next paragraphs, a summary of the most important results and conclusions of the
previous chapters will be given, followed by further discussion and speculations about some
of the main subjects of this thesis.

Main results and conclusions
The topic of this thesis has been the flooding-induced formation of adventitious roots.
Chapter 1 is a general introduction that provides a short overview of the biotic and abiotic
processes that accompany flooding. Due to the severity of flooding-related stresses,
terrestrial plants can only survive flooded conditions by adapting to this hostile environment.
Several adaptations to flooding can be found in the various species of the genus Rumex that
occur in the river floodplains of the Netherlands. Some species, growing in the low elevated
river forelands, are particularly well resistant to flooding and display adaptations such as a
specific timing of their life cycle, anaerobic respiration and the development of a floodingadapted morphology and anatomy. Species that cannot adapt are only found at high
elevations on river levees and on dykes. Recent work has focused on the morphological
adaptation of flooding-induced shoot elongation. Total submergence enhances the extension
of the stems, petioles and leaves, thus enabling the shoot to protrude the water surface. Also,
attention has been paid to the formation of adventitious roots. These roots contain
aerenchyma and can grow in the hypoxic or anaerobic conditions of a flooded soil, using
shoot-derived oxygen for aerobic metabolism. The importance of these roots for the survival
of soil flooded plants is beyond doubt, but the mechanisms that induce the formation of
these roots and the reason of the great differences in root formation that occur between
species are still unclear. The particular aim of this thesis is to unravel the hormonal
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regulatory system that induces formation of adventitious roots in Rumex species, and to
determine if on the basis of this system interspecific variation in rooting may be explained.
The great variety in the number and morphology of adventitious roots found in the various
Rumex species is shown in Chapter 2. Species of very frequently flooded habitats, such as
R. palustris, developed large numbers of adventitious roots with a high porosity. A high
content of aerenchyma was also found in roots of R. hydrolapathum, a species of
permanently soil-flooded sites, although the number of roots and the root growth rate was
lower. Apparently, a high root porosity is in any case a necessity during soil-flooded
conditions, but only species confronted with frequent changes between flooded and drained
conditions must be able to rapidly form a new, adventitious root system. On the other hand,
species from rarely flooded habitats, such as R. thyrsiflorus, developed only a limited
number of adventitious roots with a very low porosity. The formation of adventitious roots
was invariably a fast occurring event in all species. The first root apices were already visible
at the outside of the tap root and shoot base within two days. A flooding-resistant species
like R. palustris could within one week replace its entire primary lateral root system by
adventitious roots (on the basis of biomass). The intolerant species R. thyrsiflorus showed a
much slower increase in biomass of adventitious roots, which only partly compensated the
reduced growth of the primary lateral roots.
To increase our insight in the mechanisms that regulate flooding-induced adventitious
rooting, experiments were performed to determine the role played by auxin and ethylene.
These two hormones are most commonly mentioned with regard to another example of
adventitious root formation, i.e. the rooting of plant cuttings. Soil flooded conditions were
mimicked in these experiments by placing hydroponically grown Rumex plants on an
unstirred hypoxic agar solution (see also Chapter 2). Chapter 3 describes the effects of
exogenously applied auxins (IAA and 1-NAA), the inactive auxin-analogue 2-NAA and an
auxin transport inhibitor (NPA) on the formation of adventitious roots. Exogenous auxins
strongly stimulated adventitious root formation in non-flooded plants, an auxin-specific
effect that could not be reproduced by application of the auxin analogue 2-NAA. NPA had a
great inhibiting effect on the polar transport of auxin from shoot to root, and simultaneously
reduced the number of adventitious roots developing on flooded plants. Thus, auxin could
induce adventitious root formation independently of flooding, and flooding-induced rooting
appeared to be dependent of shoot-bome auxin. It is also clear from these results that the
differences in root formation between flooding-resistant species and intolerant species can
probably not be explained on the basis of differences in hormonal responses. Even very high
doses of auxin could not overcome the poor rooting response of R. thyrsiflorus; the
maximum number of roots induced by auxin never exceeded the number of roots in flooded
plants. In Chapter 4, data are presented that quantify the accumulation of ethylene in
flooded Rumex roots. Very high levels of ethylene were already found after 24 hours, R.
thyrsiflorus reaching even higher concentrations than R. palustris. Ethylene that was
exogenously applied to non-flooded plants of both species induced adventitious rooting to
the same extent as flooding did. The endogenous ethylene concentrations found after 24
hours of flooding were sufficiently high to saturate this ethylene response. Also, inhibiting
ethylene biosynthesis with two separate inhibitors (АШ and AVG) prevented most of the
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adventitious root formation during flooded conditions. Thus, flooding-induced formation of
adventitious roots needed sufficiently high ethylene concentrations. Chapter 5 combines the
knowledge from Chapter 3 and 4 and provides additional evidence for a hypothetical model
of the interaction of auxin and ethylene during the first days of flooding, leading to the
induction of adventitious root formation. Experiments showed that the effect of auxin
application was not a result of increased ethylene production and appeared to be independent
of ethylene action. On the other hand, the effect of ethylene application could be
counteracted by inhibition of the shoot-to-root transport of auxin, indicating an auxindependency of ethylene-induced root formation. Although measurements of the free IAA
concentrations in the rooting zone excluded that these levels changed during the first two
days of flooding, reduced IAA concentrations (caused by application of NPA) were followed
by a reduced numbers of adventitious roots, as mentioned before. This points to a key role
for auxin in the rooting process. Ethylene appeared to be equally important, as it changes the
sensitivity of the rooting zone to auxin, thus initiating the formation of adventitious roots
under waterlogged conditions.
Ethylene not only played an important role in the induction of adventitious root formation,
but also had strong effects on root extension (Chapter 6). Root growth of both primary
lateral roots and adventitious roots was severely inhibited by high concentrations of ethylene.
These concentrations were similarly high as the endogenous concentrations that were found
in the primary laterals of soil flooded plants (Chapter 4). Thus, under flooded conditions, a
very much restricted root growth would be expected in both types of roots, unless
adventitious roots can maintain significantly lower concentrations of ethylene in the
extension zone than primary lateral roots. Measurements on diffusion rates of ethylene
through isolated segments of adventitious roots showed that ethylene diffusion from the root
tips to the shoot can be fast enough to prevent accumulation of ethylene to levels that are
inhibitory for root growth. This suggests that root aerenchyma not only serves as a low
resistance pathway for shoot-to-root oxygen diffusion, but also for root-to-shoot diffusion of
endogenously produced, root growth-inhibiting gases such as ethylene.

Induction of adventitious roots: a comparison with other systems
As summarized above, two hormones are involved in flooding-induced adventitious root
formation in Rumex (Fig. 1). Ethylene concentrations in the primary lateral roots and tap
root increase greatly during the first hours of flooding (Chapter 4). Concentrations of free
IAA on the other hand do not change, but nonetheless these levels are essential for the
induction of roots, since ethylene sensitizes the root-forming tissues to auxin (Chapter 5).
The same process occurs when ethylene is applied to non-flooded plants. The increase in
ethylene concentrations thus is an indispensable factor in the flooding-induced formation of
adventitious roots. Auxin application can apparently overrule the low sensitivity of nonflooded plants to auxin (Chapter 3). Most likely this treatment results in the occurrence of
extremely high, non-physiological auxin concentrations in the plant, even causing a rooting
response in rooting zones that are not sensitized to auxin by ethylene.
Regulation of adventitious root formation in flooded plants appeared to a certain extent to be
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Figure Ì. Mechanism of hormone action in the induction of adventitious roots in Rumex.

comparable to adventitious rooting in cuttings. Auxin plays a major role in cuttings as well,
as an extensive number of publications describe stimulated rooting in cuttings by application
of auxin (e.g., Jarvis and Shaheed 1986, Plüss et al. 1989, Van der Krieken et al. 1992).
Many cuttings will also root without application of auxin, but in some of these cases
accumulation of endogenous auxin was found at the basal end of the cutting (Maldiney et al.
1986, Blakesley et al. 1985). This accumulation of auxin is not the only difference between
our system (with intact, flooded plants) and cuttings. In cuttings, preformed primordia are
with certainty not present, and, additionally, entrapment of endogenously produced ethylene
does not take place. In our system, adventitious roots may partly develop from preformed,
dormant root primordia (Chapter 3) and ethylene entrapment in the flooded root system is an
inherent part of the chain of processes needed for root induction. Therefore, despite the
similarities of the rooting process, we cannot simply imagine the flooded Rumex plant as
being a cutting.
The results of this thesis also do not fully agree with earlier work on the hormonal
regulation of adventitious root formation in flooded plants. Wample and Reid (1979)
concluded that ethylene is not the main plant hormone that regulates this process in
sunflower, since high ethylene levels (obtained by treatment with Ethrel, benzyl adenine or
low light) did not stimulate rooting in non-flooded plants. They suggest that if ethylene is
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involved in adventitious root formation, it has to be in conjunction with other factors The
results of the experiments shown in the Chapters 3 to 5 indicate that this major factor is
auxin, like Wample and Reíd (1979) found too, but in Rumex, ethylene is as indispensable in
the root induction process as auxin is. A second difference is that Wample and Reíd (1979)
and also Phillips (1964) reported an increase of the auxin concentrations m the root-forming
zone of waterlogged sunflower plants, which is similar to the process preceding adventitious
root formation in cuttings (as discussed before). Possibly, the shoot-root junction of R.
palustris is better aerated than in sunflower or has a higher auxin metabolizing capacity (as
suggested in Chapter 5), which prevents auxin accumulation. On the other hand, unpublished
data on R. thyrsiflorus plants suggest that also in this species auxin concentrations in flooded
plants are similar to those in non-flooded plants. This flooding-sensitive species probably has
comparable aeration characteristics as sunflower plants have, which may rule out that the
difference between Rumex and sunflower follows from a difference in aeration of the rooting
zone.

Differences between species
This thesis emphasizes the large differences found between Rumex species contrasting in
their sensitivity to flooding. With respect to adventitious root formation, roots of floodingresistant species generally are more numerous, longer, thicker and have a higher porosity
(Chapter 2). Aerenchyma in these roots does not develop in the same way as the wellstudied aerenchyma in roots of псе and maize In some cultivars of псе, aerenchyma
formation is a constitutive process and appears to be independent of flooding (Jackson et al.
1985), whereas aerenchyma in other псе cultivars and maize is induced by increased
concentrations of ethylene (Drew et al. 1981, Atwell et al. 1988, Justin and Armstrong
1991) This type of aerenchyma is called 'lysogenous' and can develop in already existing
roots by the lysis of cortical cells. In Rumex, air channels in the roots develop in a
'schizogenous' pattern (Laan et al. 1989a). Cell walls of cortical cells separate from each
other in such a way that cells remain intact and honey-comb shaped intracellular spaces are
formed. This aerenchyma formation takes place immediately behind the menstematic zone in
the root apex, and appears to be constitutive (at least in adventitious roots), since neither reaeration nor inhibitors of ethylene biosynthesis were able to reduce the root porosity
(unpublished data) The differences in porosity (and root diameter) found between species
(Chapter 2) are therefore probably already 'programmed' in the developing root and not
depending on conditions such as low oxygen concentrations or high ethylene concentrations
The functionality of root aerenchyma dunng flooded conditions has not been questioned in
the literature. The role as a diffusion route for atmosphenc oxygen is beyond doubt, and
many papers report on the significance of aerenchyma for maintenance of aerobic respiration
(e.g., Armstrong 1979, for Rumex see Laan et al. 1990) and radial oxygen loss (e g , Laan et
al. 1989b). Chapter 6 shows that in R palustris also root growth under anoxic conditions m
the root environment fully depended on shoot-denved oxygen, and that growth of the more
porous primary lateral roots of R. palustris was far less sensitive to hypoxia than the non-
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aerenchymatous roots of R. thyrsiflorus. However, this chapter also makes clear that anoxia
is not the only growth-inhibiting factor during soil flooding. Ethylene accumulation in the
root system, as found in Chapter 4, most probably has similar effects on root growth as
oxygen deficiency has. The vigorous growth of adventitious roots of flooding-tolerant Rumex
species (Chapter 1) can therefore, as pointed out in Chapter 6, only be explained by the fast
root-to-shoot diffusion of endogenously produced ethylene through the aerenchyma channels
in these roots. Thus, ethylene accumulation may, next to oxygen deficiency, be an additional
reason for the low growth rate of the non-aerenchymatous adventitious roots formed by
flooding-sensitive species (Fig. 2; Chapter 1, Laan et al. 1989a).
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Figure 2. Schematical presentation of the dual effect of aerenchyma on root growth under flooded
conditions.

The number of adventitious roots that develops upon flooding appeared to be specific for
each Rumex species. This rooting response was not constitutive, as in some cases a submaximal rooting response could be found. As shown in Chapter 3 and 4, suboptimal doses
or concentrations of either auxin or ethylene induced only a part of the maximum number of
roots. However, 'suboptimal flooding' does not exist and generally, ethylene concentrations
will increase sufficiently during soil flooding to induce a maximum rooting response.
Flooded plants of the species R. thyrsiflorus showed a maximum response that is much
lower than that of R. palustris plants, and this response could not be increased by application
of hormones (unpublished data). Even older and larger plants of R. thyrsiflorus that
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developed far more roots than younger plants, did not reach a similarly high adventitious
root biomass as young R. palustris plants did (Chapter 1). A possible cause may be that the
maximum number of adventitious roots is solely restricted by the number of preformed root
primordia present in the rooting zone, or on the capacity of the root tissue to develop de
novo primordia. Due to the large size and solid structure of the tap root we were not able to
count the number of preformed primordia, but cross-sections showed that at least some
dormant primordia were already present before flooding treatment.

Other factors that influence adventitious root formation / Future research
As already pointed out in this chapter, adventitious root formation in cuttings may not be
regulated in exactly the same way as in flooded plants. Still, the literature dealing with
adventitious rooting for the greater part refers to root development in cuttings, and some
principles found in cuttings and not discussed in this thesis might apply to flooded plants
too. Flooding has major effects on the carbohydrate status of the plant (see Chapter 1),
which may be of great importance for the initiation of root formation (reviewed by Jarvis
1986, and Kozlowski 1992), as low concentrations of endogenous sugars can negatively
influence the rooting performance of cuttings. It might be interesting to determine if
carbohydrates play a role in the root formation in flooded plants, and if this partly explains
the poor rooting capacity of flooded-sensitive species (which will most likely have a low
carbohydrate status during flooded conditions). Also, other plant hormones than ethylene and
auxin can either stimulate or inhibit adventitious root formation in cuttings (e.g., Jarvis
1986). The endogenous concentrations of abscisic acid, gibberellins and cytokinins may
change during flooded conditions, often coinciding with the initiation of adventitious roots
(Reid and Bradford 1984). We cannot rule out that, next to auxin and ethylene, one or more
of these substances takes part in the regulation of adventitious rooting in flooded plants.
Further research may therefore focus on the concentrations of other plant hormones than
auxin and ethylene in the rooting zone of flooded plants, and the effect these concentrations
have on flooding-induced adventitious root formation.
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Inleiding
Overstromingen zijn een regelmatig voorkomend verschijnsel in het Nederlandse
rivierengebied. Hoge waterstanden kunnen in alle jaargetijden optreden, en leiden tot het
onder water lopen van de uiterwaarden. De vegetatie in de uiterwaard komt hierbij eveneens
onder water te staan. Duur, diepte en frequentie, van overstroming van de planten is
afhankelijk van de hoogteligging van de groeiplaats ten opzichte van de rivier. Slechts een
beperkt aantal plantesoorten is in staat een langdurige overstroming gedurende het
groeiseizoen te overleven. De meeste soorten van de Nederlandse flora zijn juist erg gevoelig
voor deze stress-situatie. In de uiterwaarden worden plantesoorten dan ook ieder op een
specifiek niveau gevonden, dat overeenkomt met de tolerantie van de soort voor
overstroming. Dit leidt tot een hoogtegradiënt, met sterk overstromingstolerante plantesoorten
dicht bij de rivier en in de lage delen van de uiterwaard, en plantesoorten die niet bestand
zijn tegen overstroming op hoge oeverwallen en op de hoger gelegen delen van dijken.

Aanpassingen van planten aan overstroming
De mate waarin een plantesoort tolerant is voor overstroming, wordt bepaald door de
aanpassingen die hij vertoont gedurende deze stress-situatie. Het belangrijkste verschil met
normale groeiomstandigheden is de sterk verminderde beschikbaarheid van zuurstof onder
water. De diffusiesnelheid van gassen vanuit water naar de plant is een factor 10.000 lager
dan vanuit lucht, hetgeen leidt tot een daling van de hoeveelheid zuurstof in de plant. Dit
heeft op zijn beurt tot gevolg dat allerlei van zuurstof afhankelijke processen tot stilstand
komen en de plant uiteindelijk zal afsterven. Voorbeelden van aanpassingen van planten aan
overstroming zijn het voltooien van de volledige levenscyclus (van kieming tot zaadvorming)
tussen twee overstromingen in, en het ontwikkelen van anaërobe ademhaling, waarbij
weliswaar geen zuurstof verbruikt wordt, maar ook slechts weinig energie vrij komt. Een
morfologische aanpassing, waarbij de hele structuur van de plant verandert, is de bijzonder
snelle groei van de stengel, bladeren en bladstelen onder water, met als doel dat deze
uiteindelijk boven de waterspiegel uitsteken. Luchtkanalen in de bladeren en bladstelen
zorgen er vervolgens voor dat lucht via de boven water uitstekende delen naar andere, nog
onder water staande plantedelen diffundeert. Echter, het wortelstelsel van de meeste planten
bestaat uit dunne, vertakte wortels, die maar weinig van deze luchtkanalen bevatten. De
wortels zijn dan ook vaak erg gevoelig voor overstroming, en zelfs als alleen de bodem
onder water staat ("waterlogging"), zal een groot deel van het wortelstelsel afsterven. Als
reactie op overstroming wordt door de beter aangepaste plantesoorten een nieuw type wortels
gevormd: de zogenaamde "adventieve" wortels. Deze wortels zijn veel dikker en minder
vertakt dan het oude wortelstelsel. Bovendien ontstaan ze niet, zoals gebruikelijk, onderaan
de penwortel of aan het einde van de zijwortels, maar onderaan de stengel van de plant en
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aan het bovenste deel van penwortel. Het grote voordeel van deze wortels is, dat het weefsel
ervan een grote hoeveelheid luchtkanalen kan bevatten; dit type weefsel wordt dan ook
"aerenchym" (m.a.w. luchtweefsel) genoemd.
Doel van dit proefschrift
Dit proefschrift gaat in op de functie van de luchtholten in adventieve wortels en de
verschillen in de structuur en aantallen adventieve wortels tussen plantesoorten. Het
belangrijkste deel van het onderzoek richt zich echter vooral op de hormonale veranderingen
binnen de plant, die ten grondslag liggen aan de vorming van dit nieuwe type wortels. Door
het begrijpen van de regulatiemechanismen achter dit wortelvormingsproces, kunnen dan
mogelijk ook de verschillen in wortelvorming tussen soorten worden verklaard, die mede
bepalen of een soort al dan niet in vaak overstroomde gebieden kan voorkomen.

Zuring (Rumex.) als model
De soorten uit het geslacht Rumex die in het Nederlandse rivierengebied voorkomen, nemen
ieder een eigen plaats in in de hierboven beschreven hoogtegradiënt. Overstromingsgevoelige
soorten, zoals Veldzuring (R. acetosa) en Geoorde zuring {R. thyrsiflorus), worden gevonden
op oeverwallen en rivierdijken. Een aantal andere soorten, zoals Ridderzuring (/?.
obtusifolius), Krulzuring (R. crispus) en Kluwenzuring (R. conglomeratus), nemen een
intermediaire plaats in, terwijl op de open, vaak overstroomde moddervlakten en
rivierstranden twee overstromingstolerante soorten, Goudzuring (R. maritimus) en
Moeraszuring (R. palustris), voorkomen. Al deze soorten verschillen sterk in de
aanpassingen aan overstroming die ze vertonen als ze onder water staan, en dus ook in de
vorming van adventieve wortels.
Naast het feit dat binnen het geslacht Rumex vertegenwoordigers uit de hele
overstromingsgradiënt worden gevonden, is voor het onderzoek van belang dat al deze
soorten eenvoudig en snel kunnen worden opgekweekt. Bovendien zijn de planten geschikt
voor hydrocultuur, wat het onderzoek naar de respons van wortels op overstroming
aanzienlijk vergemakkelijkt. Bodemoverstroming of "waterlogging" wordt dan nagebootst
door het voedingsmedium te vervangen door een dikke vloeibare agar-oplossing, waarin
diffusie van gassen dezelfde weerstand ondervindt als in een onder water staande bodem.
Deze voordelen hebben ertoe geleid dat een groot deel van het onderzoek van de afdeling
Experimentele Plantenoecologie (K.U. Nijmegen) naar de aanpassingen van planten aan
overstroming aan deze groep soorten is verricht.
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Verschillen in adventieve wortels tussen soorten
Na de algemene inleiding in Hoofdstuk 1, worden in Hoofdstuk 2 van dit proefschrift de
verschillen tussen zuringsoorten wat betreft het aantal en de totale biomassa van de
adventieve wortels beschreven. Verder wordt ingegaan op de dikte van de wortels en de
hoeveelheid luchtkanalen. Deze eigenschappen zijn vergeleken met de natuurlijke standplaats
van de soorten. Duidelijk is gebleken, dat naar mate de standplaats van een soort natter is de
adventieve wortels beter zijn aangepast aan overstroming. Soorten van de meest en langst
overstroomde zones vertoonden na enkele dagen overstroming de meeste, dikste en langste
adventieve wortels. Deze bevatten bovendien de grootste hoeveelheid aerenchym. Zelfs het
"normale" wortelstelsel had bij deze soorten meestal al een tamelijk groot aantal luchtholten,
die de wortels een zekere resistentie tegen overstroming geven. Overstromingsgevoelige
soorten daarentegen vormden maar weinig adventieve wortels, die vaak dun en kort waren
en maar een geringe hoeveelheid luchtholten bevatten. Het aantal adventieve wortels bleek
ook toe te nemen met de leeftijd (en grootte) van de plant. Echter, zelfs grote planten van
een overstromingsgevoelige soort produceerden minder adventieve wortels dan kleine planten
van een overstromingstolerante soort.

Regulatie van de vorming van adventieve wortels
Welke plantehormonen bij de aanzet van adventieve wortelvorming betrokken zijn, wordt
besproken in hoofdstuk 3, 4 en 5. In Hoofdstuk 3 blijkt dat adventieve wortels ook kunnen
ontstaan in niet-overstroomde Rumex planten die behandeld worden met het plantehormoon
auxine. Zowel toediening van het kunstmatige auxine 1-NAA als behandeling met het
natuurlijke auxine IAA resulteerden in de vorming van eenzelfde aantal wortels als
bodemoverstroming. Auxine wordt vooral in de jonge groene delen van de plant
geproduceerd, en van daaruit naar de wortels getransporteerd. Als dit transport met een
remmer (NPA) werd stilgelegd, nam het aantal wortels dat werd gevormd onder
overstroomde omstandigheden, sterk af. Deze resultaten duiden erop dat auxine-transport van
de bovengrondse delen naar de wortels van cruciaal belang is voor de vorming van
adventieve wortels.
Een soortgelijke rol is gevonden voor ethyleen, een tweede plantehormoon (Hoofdstuk 4).
Ethyleen is een gas dat door alle plantedelen wordt geproduceerd, en onder normale
omstandigheden diffundeert naar de lucht. Echter, bij bodemoverstroming vermindert de
diffusiesnelheid van ethyleen sterk, wat leidt tot ophoping van ethyleen in het wortelstelsel.
Al na een dag overstroming was de concentratie ethyleen in de wortels meer dan 400 maal
zo hoog als in lucht. Bij toediening van deze concentratie ethyleen aan niet-overstroomde
planten werden, net als bij auxine-toediening, vergelijkbare hoeveelheden adventieve wortels
gevormd als gedurende overstroming. Bovendien ontwikkelden zich bijna geen adventieve
wortels bij overstroomde planten waarin de ethyleenproductie was stilgelegd met een remmer
(AVG of АШ). Aangenomen mag worden dat de ethyleenophoping in het wortelstelsel
gedurende waterlogging noodzakelijk is voor adventieve wortelvorming.
In Hoofdstuk 5 worden de resultaten van de vorige twee hoofdstukken aan elkaar gekoppeld
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door de interactie tussen auxine en ethyleen te onderzoeken. Hierbij bleek, dat auxinetoediening weliswaar een stimulerend effect had op de productie van ethyleen, maar ook dat
remming van de ethyleenproductie geen gevolgen had voor de gevormde aantallen wortels
na toediening van auxine. Auxine werkt dus onafhankelijk van ethyleen. Andersom bleek dit
niet het geval: als het auxine-transport vanuit de bovengrondse plantedelen naar de wortels
werd geremd, had toediening van ethyleen geen vorming van adventieve wortels meer tot
gevolg. De werking van ethyleen was dus wel afhankelijk van auxine. Auxine lijkt dus een
sleutelrol te vervullen, maar toch veranderden de concentraties van auxine niet gedurende
overstroming, zodat dit niet de prikkel voor adventieve wortelvorming kan zijn. Echter,
kunstmatige verlaging van deze concentraties door toediening van NPA veroorzaakte een
sterke daling van de aantallen adventieve wortels (zoals al eerder aangetoond in hoofdstuk
3). Dit betekent dat alleen een verandering in gevoeligheid van het weefsel voor auxine de
noodzaak van auxine in het wortelvormingsproces kan verklaren. Deze
gevoeligheidsverhoging wordt veroorzaakt door de door overstroming verhoogde concentratie
ethyleen, het tweede betrokken hormoon, en zorgt ervoor dat de aanwezige concentratie
auxine, die normaal niet tot adventieve wortelvorming leidt, nu wel een respons veroorzaakt.
De verschillen in aantallen adventieve wortels tussen de soorten kunnen niet op grond van
deze theorie verklaard worden. Zelfs zeer grote hoeveelheden auxine of ethyleen bleken niet
in staat om de verschillen tussen overstromingsgevoelige en -tolerante soorten op te heffen.
Het aantal wortels dat een soort maximaal kan vormen, wordt dus niet beperkt door de in de
plant aanwezige concentratie auxine of ethyleen, of door een te lage gevoeligheid voor deze
hormonen, maar is een genetisch bepaalde, soortsspecifieke eigenschap.

Functie van adventieve wortels
Ethyleen heeft een tweeledig effect op de ontwikkeling van adventieve wortels. In de
hoofdstukken 4 en 5 bleek dat hoge concentraties ethyleen noodzakelijk zijn voor de
vorming van dit type wortels. In Hoofdstuk 6 wordt echter duidelijk dat hoge
ethyleenconcentraties een remmend effect hebben op de uitgroei van adventieve wortels. Dit
negatieve effect was zo sterk dat aangenomen moet worden dat ethyleenophoping een
minstens zo groot probleem kan zijn voor wortelgroei in overstroomde bodems als
zuurstoftekort. Desondanks is in hoofdstuk 2 aangetoond dat adventieve wortels gedurende
bodemoverstroming een hoge groeisnelheid kunnen bereiken. De verklaring voor deze
schijnbare contradictie is gelegen in de vorming van aerenchym in deze wortels. Dit
aerenchym maakt namelijk niet alleen de diffusie van zuurstof van de bovengrondse delen
naar de wortels mogelijk, maar ook de diffusie van ethyleen vanuit de wortels naar de
atmosfeer. Dit werd gemeten door aan de ene kant van een stukje wortel een hoge
ethyleenconcentratie aan te brengen en vervolgens aan de andere zijde de snelheid van
ethyleenafgifte te meten. Aan de hand hiervan kon worden berekend, dat in deze sterk
aerenchymatische wortels de ophoping van ethyleen tot hoge concentraties wordt voorkomen,
doordat de snelheid van afvoer van ethyleen al bij lage concentraties even groot is als de
snelheid van aanmaak van ethyleen.
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Conclusies
Dit proefschrift geeft niet alleen een beschrijving van het proces van adventieve
wortelvorming gedurende overstroming, maar legt ook een verband tussen de
overstromingskarakteristieken van de standplaats van verschillende soorten en de mate en
kwaliteit van adventieve wortelvorming. Uitgebreide experimenten tonen aan dat twee
plantehormonen, auxine en ethyleen, een hoofdrol spelen bij de regulatie van het ontstaan
van deze wortels. Ethyleenconcentraties in het oude wortelstelsel nemen gedurende
overstroming toe en maken daarmee het weefsel gevoelig voor auxine. De toename in
gevoeligheid voor auxine leidt op zijn beurt tot de productie van adventieve wortels. Het
gasvormige ethyleen blijkt in een later stadium van de adventieve wortelontwikkeling een
negatief effect te kunnen hebben. Hoge concentraties kunnen de uitgroei van deze wortels
remmen. Hoge ethyleenconcentraties worden bij overstromingstolerante soorten echter
voorkomen doordat de adventieve wortels een groot aantal luchtholten bevatten, die niet
alleen zuurstof aanvoeren vanuit de boven water uitstekende plantedelen, maar ook effectief
ethyleen afvoeren naar de atmosfeer.
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Aantekeningen / Notes

Stellingen
behorende bij het proefschrift "Adventitious root formation in flooded plants"

I
Het onderscheid tussen "adventitious roots" en "adventive roots"1 blijkt niet altijd
hanteerbaar, aangezien bij Rumex deze twee worteltypen morfologisch en anatomisch
niet van elkaar te onderscheiden zijn.
' P.W. Barlow in "New root formation in plants and cuttings" (1980);
Ed. M.B. Jackson, Martinus Nijhoff Publishers, Dordrecht
II
Hel vaststellen of adventieve wortels de novo gevormd worden of ontstaan uit al
aanwezige dormante primordia, wordt vaak essentieel bevonden voor onderzoek, maar
is niet altijd uitvoerbaar.
Dit proefschrift
III
Het belang van adventieve wortelvorming voor het overleven van overstroming blijkt
alleen al uit het grote aantal plantensoorten dat bij overstroming dit type wortels
vormt.
IV
Het dualistische effect van ethyleen op overstroomde planten wordt zelden onderkend.
Dit proefschrift
V
Een logisch vervolg op de (promotie)onderzoeker, de assistent-in-opleiding en de
beursaal-in-opleiding zal waarschijnlijk de student-in-opleiding zijn.
VI
De benaming "assistent-in-opleiding" doet nauwelijks recht aan de daadwerkelijke
invulling van deze aanstelling, in tegenstelling tot "onderzoeker-in-opleiding".
VII
What is now proved was once only imagin'd.
William Blake in The Marriage of Heaven and Hell.

Vili
... ecophysiology provides a source of explanatory principles for ecological data and
contributes to the identification of key functional mechanisms of the
ecosystems in which al the living organisms are integrated.
G. Vannier in Acta Oecologia (1994) 15: 5-7
IX
De uitdrukking "Wie schrijft, die blijft" is in de wetenschap nog actueler dan bij
sommige malafide kaartspelletjes.
X

Voor iedere publicatie is nog wel een experiment te bedenken dat "eigenlijk ook nog
even gedaan moet worden".
XI
Natuur is als antiek: hoe ouder, hoe mooier, en restauratie kost veel geld.
XII
Het niet verplichten van stellingen bij een proefschrift mag gezien worden als een
verarming van het Nederlandse cultuurgoed (stelling bij het proefschrift van P. van
Loosdrecht, Katholieke Universiteit Nijmegen, 1993), het verplichten daarentegen
leidt lot frustaties en gezochte geïnspireerde teksten.

Eric J.W. Visser
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